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ABSTRACT
An investigation has been carried out, on a pilot plant scale, 
into the factors affecting the hydrodynamic behaviour, the mass 
transfer efficiency, the liquid residence time and the extent of 
liquid mixing in a two sieve tray distillation column, ■
Hydrodynamic behaviouf was investigated as a function of 
column operating conditions and column geometry; the results of 
this investigation have been reported in the form of correlation 
equations suitable for use in distillation column design..
The liquid residence time and extent of liquid mixing in the 
column were measured using a dye injection technique and were 
investigated as a function of column operating conditions and 
system geometry. The injection and detection systems necessary 
to,this technique were constructed in the College workshops. Use 
of an analytical expression for the output signal has enabled the 
results of this study to be presented in the form of a transfer 
function for the apparatus.
The gas-liquid system chosen for the mass transfer study was 
the . air-aqueous glycerol-oxygen system; because of the low solu­
bility of oxygen in aqueous glycerol solutions this* system may be 
regarded as entirely liquid phase controlling. Mass transfer,, 
efficiencies measured using this system may therefore be regarded 
as pure liquid phase efficiencies, Special features of the appara- 
tus necessary for this investigation include an efficient method 
of injection of the oxygen into the liquid system and a new 
technique which enabled continuous measurement of. the oxygen < '
The mass transfer efficiency has been successfully related, 
to the hydrodynamic behaviour, the liquid residence time distri­
bution and extent of liquid mixing in the column for the range of 
operating conditions and system geometry used in the experiments.
concentration of the liquid at any point on the tray.
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The design of distillation columns, even of the simplest 
types, is imprecise and difficult despite the considerable atten­
tion given to it in the past. Attempts to. translate the results 
of small scale experiments to large equipment design are made 
doubtful by the extremely complex interactions occurring. Pilot 
plant studies to some extent minimise the risks involved in scale- 
up. Such.studies are important inasmuch as industrial equipment 
on full production are not readily available or convenient for 
detailed studies.
Malfunction of columns resulting in inefficiency, under­
loading and even flooding needs to be examined to ensure maximum 
utilisation of plant and continuity of production.
The present investigation is concerned with hydrodynamics and 
mass transfer on sieve trays and in downcomers on a pilot plant 
scale. Cost and local conditions prohibited the use of an actual 
distillation column and an air-water simulator was used but of such 
dimensions as to ensure meaningfullness for large scale operation.
The mass transfer occurx'ing on the sieve trays and in the down­
comers is dependent on the physical characteristics of the liquid- 
air system, the geometry of the equipment and the hydrodynamic 
conditions.
The liquid residence time distribution under aerated conditions 
fundamentally affects the mass transfer rates and the efficiency 
of separation. A knowledge of the extent of liquid mixing on the
CHAPTER X
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tray and in the downcomer is necessary for an interpretation of 
the transfer process.
The present study is devoted to an examination of the 
hydrodynamics of the system with and without mass transfer and 
to the relationships between liquid mixing and the efficiencies 
of separation on the sieve tray and in the downcomers using oxygen 
as a solute in an air-aqueous glycerol system.
-  2  -
CHAPTER II 
Survey of Previous Investigations
1.A. Tray
1.A.1, Dry Pressure Drop for Sieve Trays
The pressure drop due to the flow of vapour through the
perforations of a sieve tray has been extensively investigated.
"}Mayfield et al. correlated the dry pressure drop in terms of
an orifice coefficient, C^ , The range of hole diameter studied
was from l/8!j to For small (6 inch diameter) trays a
constant discharge coefficient of 0,83 was recorded for all hole
diameters and air rates. For the 6,3 ft. diameter tray the
coefficient was found to vary from 0,68 - 0.83 over the range of
2hole diameters used. Arnold et al. also used a simplified form 
of the orifice equation and found that the value of varied 
from about 0.35 to 0,83. Hunt et al. generalised their corre­
1, Hydrodynamic Study
lation with pls,te geometry and proposed the follovfing equation:
.2*= 1 . 3 +  U 2 DP o
2gc
0.M1.23 - A ) + (1 - A
( ~ )  ( — ); a ( ) A (( c) ( c)
1 .1
Mhere h^p = head loss, ft. lb. force/lb, mass.
= velocity through the perforations ft,/sec, 
gc = 3 2.2 .
2A^ © total perforation area, ft. .
2A = area of column available for gas flow, ft . c
This correlation predicted their experimental results very well 
provided that the ratio of plate thickness to hole diameter was
r • e« t 0*9 ° * * • * • ®° q * * * * * "1*2
IT  ^
o
4*Foss and Gerster reported that the dry pressure drop for
perforated trays having a t/D ratio of -J was proportional to
the gas velocity through the perforations raised to the power
2,06. The orifice coefficient was found to be 0,77.
Other workers'2’ have used the discharge
coefficient concept and have reported a range of values of CD
from 0,6 to 0.9*
2, Total Pressure Drop
The meaning that is given to the term total pressure drop
is the difference in pressure between the vapour space below a
given tray and the vapour space above the tray under operating
12conditions. Hutchinson et al. have reported total pressure 
drop data and found that the total pressure drop increased both
with increase in vapour flow rate and height of clear liquid
\reference seal. The clear liquid reference seal is taken as
the height of clear liquid in the calming section relative to
the height of perforations.
jMayfield et al. in an extensive study have reported total 
pressure drop data as a function of vapour flow rate, liquid
V
flow rate, weir height and hole diameter^ They report that
*
the total pressure drop increased with increase in vapour flow 
rate, liquid flow rate, weir height and with decrease in hole
jdiameter. Mayfield et al. assumed the total pressure drop to 
be the combined effect of tne dry pressure drop through the
-  k  -
o f  t h e  o r d e r  o f  0 * 9  or g r e a t e r .
i . e .  hjj, s  k p p  ± k-p «* ® * * * ° • • • • * 2 . 1
However their experimental results showed that was always 
greater than the sum of h^p and hp. For the air-water system 
the discrepancy of the order of 0.2 inches water which the 
authors considered to be within the limits of the accuracy of 
their experiments.
2Arnold et al. also report that the total pressure drop 
increases with increase in gas flow rate, weir height and liquid 
flowrate. The authors determined the so-called equivalent 
clear liquid seal, S at the centre of the perforated plate.
They found that over the stable range of air mass velocities 
considered the quantity ) was consistently 10% higher than
the experimentally obtained dry pressure drop. They deduced 
that the increase in x^essure drop was due to loss of pressure 
by bubble formation as the vapour rises from the perforations,
and to turbulence and mixing of the frothing mixture flowing
3across the plate. Hunt et al. defined the term Residual 
Pressure by the following equation:
k l  "  4* h p  * • • •  * • o . «• * . . • 2 . 2
where hp is the residual pressure. They found that the residual 
pressure drop correlated better with the kinetic energy of the 
gas rather than as a function of gas velocity alone. For the 
air-water system the residual pressure drop was found to 
increase with increase in kinetic energy of the gas. For a
p e r f o r a t i o n s  a n d  t h e  p r e s s u r e  d r o p  t h r o u g h  t h e  f r o t h i n g  l i q u i d .
- 5 -
range of aqueous glycerol solutions was approximately constant
for all values of kinetic energy at a value of 0.2 ins* water*
LlFoss et al. have reported residual pressure drops-as much 
as 25% of the total gas drop. They also conclude that the 
residual pressure drop is a result of a complicated dynamical 
behavior of the liquid in the vicinity of the forming bubble.
Other workers ^  have reported total
pressure drop and residual pressure drop data which support the 
work of the earlier investigation.
Gerster et al. have reported froth height as a function
of the gas rate expressed as an F- factor for two different
liquid rates for the air-water system. They, found that the
froth height increased with increase in both liquid rate and gas
rate, but no correlation of results was offered.
fiFoss et al. also obtained froth height data visually for
the air-water system. No correlations are offered but the
authors found that the froth height increased with gas flow rate
and with liquid hold-up on the tray. High outlet weir heights
and high liquid rates correspond to large liquid hold-up, The
authors also report that the froth height apparently approaches
a maximum at high gas rates.
15Gilbert has reported visual froth height data for the 
air-water system, which indicates that the froth height increases 
with increase in liquid flow rate, gas flow rate and weir height,
-  6  -
The A.I.Ch.E, Bubble-tray Design Manual have reported the 
results of a study on a cyclohexane~n~heptane system initiated 
by Fractionation Research, Inc. The froth heights were made 
visually and the following correlation equation, which gives the ' 
froth height as a function of F- factor and weir height, was 
offered,
Z„ = 2.53 F2 + 1.86 W - 1.6 .. .. .. . . . .  3.1
Alteration of the liquid flow rate had no effect on the froth
height.
17The University of Delaware Final Report gives visual froth 
height data for the air-water system as a function of air rate, 
liquid flow rate and weir height. They found their experimental 
results to be adequately represented by the following equation:
zf = 0.73 w + 3.24 F + 0.084 L  ..................3.2
Where
Zg - Froth height in inches.
W = Outlet weir height, inches,
F © F~ factor based on the tray bubbling area.
L = Liquid flow rate U.S. gal. (min.)(ft. of column width).
This equation predicts an increase in froth height with increase
in gas flow rate, liquid flow rate and weir height. The final
report also gives visual froth height data for the acetone-
benzene system; the froth height was found to increase uniformly
with increasing F-factor and to be independent of column pressure.
The values of froth height were found to be nearly the same as
those reported for the air-water system on the same tray. The
- 7 -
following correlation was px-oposed which gives the froth height 
as a function of F- factor for liquid rates over the range of 
5 to 50 gal./min. and column pressures up to 92 Ibs./sq. inch 
absolute:
Zf = 2.53 F2 + 1.89 W - 1.6 .. »o .. .0 .. 3*3
It will be noted that this equation is identical with the one
16proposed by the Fractionation Research Inc, for the cyclohexane
n-heptane system,
9Prince has given a correlation for visual froth height; 
in this correlation SL/G is plotted against F /(M /WT)- S .
where F - F- factor based on total cross-sectional area, s
L - Ratio of liquid to gas flow by weight,
S = Submergence.
M = Mean froth height.
Wp = Specific gravity of liquid.
For the purposes of design Prince suggests that the allowable 
froth height be two-thirds the tray spacing. A trial super­
ficial F- factor can then be found from the correlation and, 
after making a correction for free area, the tower diameter can 
be found.
1 8Zuiderweg demonstrated the considerable influence of 
gas-liquid mass transfer 011 the frothing tendency. It has been 
suggested that differences ill surface tension resulting from 
difference in composition occasioned by the transfer process are 
the origin of this influence.
- 8 -
Sargent et al, arrived at the froth height indirectly 
from a study of the density of froths using a gamma-radiation 
absorption technique. They found that the vapour flow rate was 
the only significant variable although there was a slight trend 
with weir height. The following correlation equations were 
proposed as being a good fit to the experimental results:
Z = 0 . 5 0  w + 3 . 6 0  Fg  . . . .  . .   3 . 4
Where ~ Froth height, inches,
VI = Weir height, inches.
F.. = F~ factor based on superficial velocity.
and Z = W + 4.0 + Vg2 (0.597 - 0.016 W)  ............ 3.5
where = Superficial velocity,
k» Liquid Hold-up on Tray
12Hutchinson et al. have pointed out that the performances
of bubble-cap or sieve trays with respect to efficiency, pressure
drop, entrainment and liquid gradient is governed to a large
extent by the effective depth of the liquid on the plate,
1 5  6 7It has been suggested ’ 1 ’ that the equivalent height
of clear liquid can be calculated by the following equation:
Zp — W "J* . L .
v  L/VV oo e »  , ,  « •  9 ,  9 .  a .  > • I
Where Z^, = Clear liquid height, inches,
W = Weir height, inches,
Z ^  = Liquid crest ocver the weir, inches,
2 0The Francis formula was used by Cicalese et al. to
€*** ^  ***
11
determine the height of liquid over the out flow weir; for a
straight rectangular weir this is
2U-,.OW Q2 . 9B I L
£3 P
a a o a o O O  O O  O d E g  C*
Where Q = Liquid flow rate U.S. gals./min,
WT = Effective length of weir, inches.
Although at first sight the. application of the Francis
formula, which was developed for the stable flow of clear liquid
over weirs to the unsteible flow of aerated liquids would be
unlikely to give a good correlation, some support for the idea
19is given by the experimental data of Gerster et al. . They 
found that for froth heights of less than five inches above the 
top of the weir, the froth flow rate was proportional to the 
height of froth above the weir I'aised to the 1 .3 power, which is
the same relationship valid for unaerated liquids.
1 2 3 0  1 2 , 1 9Most of the earlier workers 9 , 1 5  1 in attempting
to obtain a measure of the liquid hold-up have ua.sed manometers
installed in the floor of the plate, Such manometers have one
leg flush with the floor of the plate and the other projecting
into the vapour space above the plate. The reading on these
manometers is commonly supposed to be the liquid hold-up per unit
bubbling area, or the height to which the foam would collapse in
the absence of vapour flow; for this reason the reading on the
manometer is often referred to as the equivalent clear liquid
heighto
AFoss and Gerster also used manometers installed on the 
floor of the tray. Like foam height, the equivalent height of
«  1 0  ~
clear liquid varied from point to point on the tray, thus
necessitating the use of an average value* The authors found
that the averaged value of clear liquid height decreased
regularly with increase in gas flow rc?ite but increased as either
liquid rate or outlet weir height was increased,
9Prince obtained the equivalent clear liquid height 
directly for each set of operating conditions by simultaneously 
shutting off the water supply and blocking the exit weir. The 
trapped liquid was then drained off and its volume measured. 
Analysis of the experimental results show that the clear liquid 
height increased with increase in liquid flow rate and weir 
height but showed a slight tendency to decrease with increase in 
gas flow rate,
1?The A.I.Ch.JS. report used manometers attached to the 
tray floor to measure the liquid hold-up. The following corre­
lating equation was found to give a. good fit to the experimental 
results:-
Zc = 0.19 w - 0.65 F + 0.02 L + 1.65 .. .. 4,3
Where 2  ^= Equivalent clear liquid height, inches.
W = Weir height, inches.
L - Liquid flow rate UCS, gals/min.
F = F- factor based on tray bubbling area.
21Harris and Roper in a similar study found that their 
results itfere well correlated by the following equation:
zc = 0.56 W - 0.27 wF + 0.03 L + 0.24   4,4
-  11 -
indirectly from measurements of foam density using a gamma-
radiation technique. The liquid hold-up as obtained in this
manner was found to increase with increase in weir height, hole
diameter and superficial velocity but to decrease with increasing
free area. The authors also used the tray manometer technique
to obtain a measure of the total liquid hold-up but prefer to
call the readings obtained the Dynamic Head since the manometer
measures the pressure at the floor of the plate under operating
conditionso The variation of dynamic head with vapour flow
rate, weir height was in agreement with earlier workers.
11Sargent et al. have suggested that the discrepancy between 
the liquid hold-up and the dynamic head is due to an upthrust 
on the froth equivalent to the change in momentum of the high • 
velocity jets emerging from the sieve tray perforations, thus
- f s — S. ( V  v ) _ 2 _ 2 ................................. 4.5(?L g H 6 c D ^
Where and are the gas and liquid densities respec­
tively
= Superficial velocity.
Vg = Hole velocity.
= Clear liquid height, 
s Dynamic head.
11Sargent et al* measured the liquid hold-up on the tray
Equation can be used to determine the clear liquid height
-  12 -
Z = Z1X + S -& J 2  ( VH "  V+  ....... i f ' 6
U  °
5. Aeration Factor' and Foam Density
(a) Aeration, Factor
12Hutchinson et al, have defined the aeration factor as
the ratio of the pressure drop increment to the clear liquid
height increment which causes it,
B = ^•*-' “       —.............. .......• « ee , . , * «• * « O •
1 a "* Sb)
Where B = aeration factor, dimensionless,
j = specific gravity of clear liquid,
8 and are two different clear liquid reference seals,
(two different heights of clear liquid in the calming section
relative to the height of perforations), inches,
Ap, and&p, are the pressure drops through the tray a D
corresponding to 8 and S respectively, inches water,a d
The axithors have reported aeration factor data for the
air-water system for a large sieve tray,. The perforated area
was 23” wide by 46.9<s long, calming sections in excess of 30?J
were used. The aeration factor was found to be independent
of liquid seal and to decrease with increase in air flo\tf rate,
Values of aeration factor ranged from 0.8 - 0.6 over a range
= 0.5 to = 2.2. F^ is the F- factor based on the area
of the tray containing the perforated zone.
2
from the dynamic head measurement.
Arnold et al, used a similar definition of aeration
- 13 “
factor as the previous workers. The aeration factor was 
obtained by dividing the increase in pressure drop corresponding 
to two different weir heights by the difference between the weir 
heights. This definition would be identical with that of
Hutchinson if the weir height is equal to the clear liquid
static seal. The authors claim that this assumption is justi­
fied as a splash baffle is incorporated into the tray construc­
tion, No data is published but the aeration fo-ctor is reported
to decrease with increasing air rate.
1 9  13Mayfield et al, , Prince and Shah ' have defined an
aeration factor as the ratio of the pressure drop through the
liquid to the calculated clear liquid depth on the tray. The
calculated clear liquid depth on the tray was taken as the sum
of the outlet weir elevation and the weir head calculated by
the Francis x^ eir formula. The observed pressure drop through
the liquid was obtained as the difference between the total
observed pressure drop through the tray and the observed dry
pressure drop at the same air rate.
For the air-water system using a 6 ft. diameter sieve 
1tray Mayfield found that the aeration factor increased slightly
with increase in air flow rate and decreased with increase in
liquid flow rate and weir height.
13Shah , for an air-aqueous glycerol system on a 2 ft, x 
1 ft. rectangular sieve tray, found that the aeration factor 
decreased with increase in air flow rate and increased with
-  1 4  -
increase in liquid flow rate.
Prince^ investigated a number of gas-liquid systems on 
a six inch diameter sieve tray using a foam baffle; he found 
that the aeration factor was a function of clear liquid height 
on the tray and the ratio of liquid to gas flow by volume.
The author found that the aeration factor increased with liquid 
flow rate and decreased with increase in gas flow rate and 
submergene e.
15Gilbert has defined the aeration factor as the ratio 
of the clear liquid height after collapse of foam to the cal­
culated clear liquid height. The clear liquid height after 
the collapse of the foam was measured directly in the manner 
outlined in Section For sieve plates the aeration factor
was found to show a slight increase with increase in liquid 
flow rate but to decrease with increase in weir height and air 
flow rate, 
b . Foam Density
12Hutchinson et al, have defined the foam density fa.ctor 
$ as the ratio of the effective aerated density to the clear 
liquid density. The authors did not obtain any experimental 
data for the froth density factor but obtained values from a 
theoretical expression relating the froth density factor with 
the aeration factor.
Froth density factor was computed by most of the earlier 
workers^ 5 as the ratio of the equivalent clear
liquid height on the tray, as measured by a static water
- 15 -
manometer attached to the tray floor, to the visual froth 
height,
Gerster, Bonnet and Hess have reported that for the 
6,3 ft. diameter and 13 inch diameter bubble-cap trays studied 
the froth density decreased uniformly with vapour flow rate 
while remaining largely insensitive to variations in the liquid 
flow rate.
£].Foss and Gerster have also reported that the froth 
density decreases uniformly with increase in the gas flow rate 
while remaining insensitive to variation in the liquid flow 
rate and weir height. Over the range of gas column velocities 
1.8 - 6.3 ft./sec, the froth density factor varied from 0.39 “
0.18. There was a very slight tendency for the froth density 
factor to increase with increase in the liquid flow rate. The 
maximum variation in froth density was 10% over the range of 
weir heights 1 - k inches.
17The University of Delaware Final Report also gives froth
density data for bubble-cap plates; / being found to increase
with increase in liquid flow rate and weir height but to
decrease with increase in the gas flow rate,
*1 ^Gilbert also defined the aeration factor as the ratio 
of equivalent clear liquid height on the tray to the froth 
height. The clear liquid height was obtained by "catching” 
the liquid hold-up on the tray under operating conditions.
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The clear liquid height was then obtained by averaging the 
hold-up over the total tray area. Most of the work was done 
with bubble cap trays but some data for sieve trays are •
reported, .Froth density decreases with increase in gets flow
rate but increases slightly with increase in liquid flow rate 
and weir height. Over the limited range of variables used 
for the sieve plates frotli density factors in the range 0,247 - 
0,364 are reported,
11Sargent et al, measured froth density directly using a 
gamma-radiation absorption technique. Their results show the 
existence of three distinct zones in the frothing mass on the 
distillation tray, A zone of approximately constant density 
occurs at a short distance from the floor of the tray and
exists throughout most of the froth height before tailing off
rapidly into the spray zone. The density of the liquid at the 
plate floor is much higher than this constant.density zone.
They report that the- vapour rate has virtually no effect on the 
magnitude of the constant density zone but that as the vapour 
rate increases more liquid is entrained into the foam from the 
clear liquid zone adjacent to the tray, and thus the extent of 
the constant density zone is progressively increased. The 
authors also report an increase in froth density with increase 
in weir height, but variation of the liquid flow rate at a 
constant vapour flow rate had a negligible effect on the foam 
density,
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1 .B« Downcomer
Various types of downcomer design have been employed in 
chemical plant over the years, including some of quite complex 
construction. However, recently there has been a tendency to 
use the straightforward segmental downcomer which is adequate 
from the hydrodynamic standpoint and has the great advantage 
over the more complex designs in that it has a low manufacturing 
cost. It was, therefore, decided to limit the hydrodynamic and 
mass transfer study to segmental downcomers.
Downcomer design has been largely influenced by the 
following considerations:~
1., Tray spacing and liquid height in the downcomer,
2, The residence time in the downcomer.
3* The velocity of liquid in the downcomer.
The liquid throw over the weir,
1.. Tray Spacing
Purely mechanical details such as manways for maintenance 
and cleaning of the distillation column can have a considerable 
influence on the tray spacing. This type of factor is a function 
of the particular system under consideration; we are here con­
cerned with the more general conditions which effect the column 
design.
From the economical aspect, the more compact the column 
the better, however itchas been found that if the trays are 
located too close together flooding of the column will result.
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Two mechanisms have been proposed which, together or separately, 
can cause flooding or priming of the column; they are:-
1. By froth from one tray reaching the tray above.
2. By liquid backing up the downcomer until it reaches
the top of the outflow weir.
The first type of flooding has been reported in the University
17of Delaware Final Rex>ort . An explanation is that when the 
height of froth becomes equal to the tray spacing the liquid 
carry-over by entrainment becomes excessive, the pressure drop 
through the perforations increases appreciably causing liquid to 
back up in the downcomers, the normal flow of liquid down the 
column ceases and the reboiler system becomes dry.
Prevention of the second type of flooding has probably the 
greatest single influence in the downcomer design. A possible 
explanation of this type of flooding is that when the liquid in 
the downcomer reaches the top of the outflow weir, any further 
increase in liquid flow rate or vapour rate will increase the 
pressure drop through the plate. This will cause liquid to flow 
back up the downcomer, thereby increasing the liquid height on 
the tray. The resultant increased pressure drop causes more 
liquid to back up from one tray to another until eventually the 
entire column will be filled with liquid.
To avoid flooding it was, therefore, thought that the 
liquid height in the downcomer should not reach the top of the 
outflow weir.
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2. Liquid Height in Downcomer 
20Cicalese has proposed that the clear liquid height in 
the dovnicomer above the liquid overflowing the weir at the out­
let side of the tray will be equal to the sum of the total wet
pressure drop across the tray, the head lost at the bottom of
the downcomer due to contraction of the liquid flowing from down­
comer to tray and the liquid gradient across the. tray. Leibson 
6et al, developed an expression for the height of vapour-free 
liquid in the downcomer, L^, by considering the downcomer from 
tray to tray Hb” as one side of a single U-tube, The 
balancing side is composed of the sum of the liquid pressure drop 
through the clearance area between the downcomer and plate ”bn , 
P^c; the static liquid seal height on an average section of ”bu, 
; the hydrostatic head of the vapour between trays, h ; the
dry tray vapour pressure drop through tray ”afT, PppS and the
static liquid seal height on an average section of. tray !?ai!,
The balance equation for these forces is:-
(II *t* L& - Ld ) (Ty + Ld = Pdc + Lb + hv gy. + Pep + La .. 2.1
C l  C l
Where H = the vertical distance between trays.
Equation 2 . 1  can be simplified for the usual case of towers 
operating at moderate pressures by assuming that the gas density 
is much less than the liquid density.
. ©  L-r, -  P + 31 + + LD ~ dc b DP a
o r L-.-» —* P + L, + Pm « • oo o* , * .• • • 2 • 2D dc b T ......................
Where » t h e  t o t a l  p r e s s u r e  d r o p  a c r o s s  t h e  t r a y .
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o ABolles has recommended that the head loss under the downflow
baffle is given by the following equation;
o i 2 * * »« ««
100A.’L  d J
P, = 0 u03 dc 2o3
Where - The head loss in downcomer, inches liquid*
A - = The downcomer area on the downcomer clearance area,d
whichever is the smaller, square feet.
Q w The liquid, flow rate, U.S. gal,/min.
The foregoing considerations apply o n l y  to a clear liquid height 
in the downcomer* However, in general, the fluid in the down­
comer will be in an aerated state as a result of which its density 
will be decreased. Thus to achieve the same hydrostatic balance 
at the bottom of the downcomer as expressed by equation 2 .2 , a
greater height of ‘•’aei'ated liquid5’ than L-p is required.
22Several 'writers such as Davis , Bolles , Leibson,
6 7Hughmark and O ’Connel and Huang and Hodson are of the opinion
that if the aerated liquid in the downcomer reaches the top of 
the outlet weir the column would flood. If this is the case it 
would be necessary, after the clear liquid height in the down­
comer has been calculated; to make allowance for the degree of 
frothing which will occur in the downcomer. In the absence of 
any reliable data the degree cf aeration could not be estimated 
with any accuracy so that most suggested downcomer designs have
23incorporated a large factor of safety. For example, Kirkbride ' 
has written that with well designed trays, the calculated height 
of clear liquid in the downcomer will reach 60 - 80% of the
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tray spacing before flooding will be encountered. Kirkbride
therefore recommends that trays be designed for the maximum
height of clear liquid to be 30% of the tray spacing. Similarly 
22 5Davis and Leibson have recommended that the height of clear
liquid in the downcomer be limited to 50% of the tray spacing.
2 ^ - 7  6 holies , Iiuang and Hodson and Hughmark and O ’Connel have also
recommended that the maximum design limit of 50% must be used
but that it should apply to tho total downflow capacity which is
equal to the tray spacing plus the weir height.
The above authors have, therefore, assumed an average froth
density of 0.5 ? where the froth density has. been computed as the
ratio of the equivalent clear liquid height to the froth height
in the downcomer.
Hunt et al .*2 have assumed a value of froth density of 0.7,
a value which seemed to them reasonable when compared with the
value of 0 ,^ 1*, which existed in the bubbling zone of their tray.
25Thomas and Shah in an extensive study of downcomer hydrodynamic 
have cast doubts about the validity of some of the concepts and 
assumptions advocated for use in downcomer design. These 
authors report that their sieve tray column was able to function 
even when the froth from the downcomer extended above the outlet 
weir; liquid was able to pass down through the froth from one 
tray to another. In some cases they report that increase in 
the liquid flow rate, rather than worsen the situation, resulted 
in the decrease in height of the froth in the downcomer. This
1 . The impact of the descending liquid at the top 
of the downcomer disrupts the froth.
2. There is a definite and pronounced drag on the 
bubbles at the bottom of the downcomer which 
carries them through to the plate below.
The authors conclude that the height of froth in the downcomer 
is not a limiting factor in deciding whether or not a column 
will flood,
3 • Liquid throw over the weir
Due to the velocity of approach of the liquid, at high 
liquid flow rates the liquid will overshoot the weir a con­
siderable distance. . Earlier workers were of the opinion that 
if the liquid throw over the weir reached the column wall the 
disengaging vapour in the downcomer would not have a pathway to
the tray above.
22Davis therefore recommends that any downcomer should have 
a width sufficient to allow vapourdisengaged from the liquid 
in the downcomer, to pass out of the downcomer past the entering 
liquid even at the highest flow rate. The following equation 
is proposed for the calculation of the minimum width of down­
comer based on clear liquid flow and tray spacing:-
oa = -/sp*....... ................................  .. .. 3.1
Where 0^ = the maximum horizontal distance liquid travels in 
flowing over the weir and dropping down the down-
p henom ena  t h e y  c o n t r i b u t e d  t o  two c a u s e s : -
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comer, measured from the weir, inches 
hp = the head of liquid over weir, inches.
H = the tray spacing, inches.
Bolles has similarly recommended an expression for the
minimum downcomer width based on the flow of clear liquid but
has suggested that the height of free fall of the liquid should
be taken as the quantity, tray spacing plus weir height minus
the height of clear liquid in the downcomer. On this basis
the expression is:~
t _  = 0 , 8  y / h ^ ,  T l 1 t- V/ -  i f , )  oo  ............................................ . 3 u2
Where tT/ ~ the minimum width of downcomer, inches,w 7
hQW = the liquid crest over weir, inches.
W - the height of weir, inches.
= the clear liquid height in downcomer, inches.
?4 7Bolles" and Iiuang and Hodson recommend that the actual
downcomer width should be 1 , 6 6 times the maximum liquid throw
as calculated by equation 3 * 2 .
25Thomas and ohah applied the correlattion for liquid throw
24over the weir suggested by Bolles to their experimental 
results. They report that values of liquid throw predicted 
in the correlation are too conservative. The authors attri­
buted the poor agreement to the fact that the correlation was 
derived on the assumption of clear liquid flow and that because 
of the aerated nature of the flowing liquid greater horizontal 
travel will result.. The authors also report that because of
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the surging and splashing of the aerated liquid on the tray 
the flow over the length of the weir is very uneven. Accumu­
lation of air escaping from the liquid in the downcomer results 
in a pressure build up in the downcomer which is ultimately 
able to pierce through the apron of flowing liquid at its 
weakest point. It is also suggested that it might be advan­
tageous for the throw over the weir to hit the column wall 
Inasmuch as it results in a partial break up of froth and also 
that as the fluid flows down the wall it will generate less froth 
in the pool of liquid.
25 -
The prediction of tray efficiencies has for many years 
been an acute problem in the design of bubble tray columns.
In the past it has been the practice to base predictions .on- 
previous ‘ columns-on duties of a similar nature or to use empiri­
cal correlations combined with intuitive judgment, * -
Several efficiencies have been defined, for example
3 kMurphree has defined a point efficiency, E^, by the following. 
exx>ression: -
B n >  1 .. ,. .. 2 , 1
OG =  * ~ — —
2* T r a y  E f f i c i e n c i e s  i n  D i s t i l l a t i o n  Columns
and a tray efficiency, , •
, = •• ••    2.2v * — v n 0 n + 1
In these definitions the inlet and outlet vaxoours are assumed
well mixed of compositions yn  ^and y^ respectively, y * is
the composition of the vapour that would be in equilibrium with
the liquid of composition X . leaving the tray and y is any point
or locai vapour composition.
If the composition of the liquid is uniform across the
entire tray, then the efficiency of the entire tray, the Murphree
efficiency, E ^ , is equal to the point efficiency, E^,. Some
earlier design methods were proposed based upon this assumption.
However, liquid concentration gradients have been reported
27by several workers, amongst whom Lev/is has derived a relation­
ship) between the Murphree tray efficiency and the point efficiency.
Lewis assumed that the liquid flowed across the tray completely 
unmixed and considered three cases:-
1 , The vapours entering the plate are completely mixed!
2. The .vapours rise from plate to plate without mixing
and the liquid flows in the same direction on all 
plates.
3 * The vapours rise* from-plate to plate without mixing 
and the liquid flows in opposite directions on 
alternate plates; ' ‘
Case 1 has the widest application and for this case the relation 
between the overall plate efficiency, and the local effi-
ciency, Eog, Iss-
E = exp ( >VS ) - 1jL'lV *o * * * « a, 9,
rv  —
where A  - mG
.. . . L •.
The next major step forward was due to Gerster, Colborn,
' • *Bonnet and Carmody , who demonstrated that the plate efficien­
cies for the hydrocarbon-furfural-water systems - could be 
predicted by separately determining the amount of mass transfer 
talcing place in the gas phase and the liqvtid phase of the bubble 
tray. Pure liquid film efficiencies were obtained by measuring 
the amount of oxygen capable, of being desorbed from water by air 
while pui’e gas film efficiencies were obtained by measuring the 
degree of humidification of air passing through water flowing 
across the plate.
-  2 ?  -
Gerster, Bonnet and Hess made a study of the effect 
the major tray design and operating variables on gas-film and 
liquid film efficiencies. These separately determined effi­
ciencies were successfully used to predict plate efficiencies
for a xtfater-methanol system.
29Rush and Btirba , following the procedure outlined by
14gerster et al, } have successfully predicted efficiency values 
on an l8 inch diameter sieve tray for the acetic acid-water, 
the methyl isobutyl ketone-water and the aniline-nitrobenzene 
systems from a pure-phase efficiency study.
14The method of Gerster et al. for predicting plate effi­
ciency involves, first, the determination of the pure liquid- 
phase and pure gas-phasc efficiency; these values then have to 
be converted into the number of liquid-phase and gas~phasc trans­
fer units respectively. To achieve this conversion one of two 
assumptions were usually made:-
1, That the liquid flowing across the tray was completely
mixed,
2 . That the liquid flowing across the tray was completely
unmixed.
It was apxareciated that neither of these assumptions corresponded 
to the actual conditions on the tray but at that time no satis­
factory method had been developed to account for the effect of 
partial liquid mixing. This partial liquid mixing effects the 
value of the number of liquid-phaso transfer units, N^, much
19
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more than the number of gas-phase transfer units, ; thus
2 9Rush and Stir be. in summarising their work, report that the
comparison between predicted and measured valves shows good
agreement for those cases in which the major resistence to mass
transfer is in the gas phase. However, because of the unknown
amount of liquid mixing on the tray, they recommend that for
liquid-phase controlling systems the present method can only bo
used to give a rough estimate of the actual plate efficiency.
Because of the limitation imposed on the pure-phase method
of predicting tray efficiencies several workers have attempted
to measure the actual degree of liquid mixing which occurs on a
distillation tray. This work will be discussed in a later
28section. West, Gilbert and Shimizu have attempted a more
fundamental approach to the problem of determining the factors
effecting mass transfer on bubble trays. They investigated
separately the factors which determine the bubble size, the time
of contact between the gas and the liquid and the individual
A 3mass transfer coefficients. Chu et al. have derived a very 
complex correlating equation for the Murphree liquid efficiency 
in terms of the equivalent bubbl'e diameter, the head of liquid 
over the weir, bubble-cap and weir dimensions, diffusivities of 
both vapour and liquid, total vapour pressure., molecular weight 
of liquid, the mole fraction in liquid and vapour phases, 
temperature, density and viscosity of both phases. Because 
of the complexity of the final equation the authors, also propose 
two approximate methods,
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Calderbank measured the frequency of bubbles issuing
from slots and orifices varying in width from l/l6i; to 7fn and
found that at gas flow rates greater than about 3 C cc ,/sec, the
frequency was substantially constant at a value from 1 5 to 20
per second, Calderbank assumed the bubbles to be spherical amid
on this basis derived expressions for bubble diameter and inter-
factial area per unit volume of foam; these values were then
substituted into the Kigbie equation to give the liquid mass
transfer coefficient, and ultimately the tray efficiency and tho
number of mass transfer units.
45Calderbank et al. evaluated gas-liqttid inter facial areas 
from me as ur eme n t s of the optical reflectivity of foams produced 
in a 4 inch by 3*5 inch rectangular sieve tray, These measure­
ments wore combined with simultaneous measurements of the Murphre 
point efficiency for systems in which liquid-phase mass transfer 
was controlling. Foam density measurements were made using a 
gamma-radiation technique. Liquid-phase mass transfer coefficio 
and mean bubble sizes could then be determined and the determina­
tions repeated over a range of physical properties of the liquid.
4 6Calderbank and Rennie used a flash photographic technique 
combined with a statistical analysis of the photographs to obtain 
a measure of the mean bubble diameter, interfacial area, and gas 
hold-up. The authors report that the results obtained compare 
favourably with measurements made by optical reflectivity and 
gamma-radiation techniques.
2* 1 Effect of Liquid .Mixing on the Performance of
Distillation Trays
Considerable effort has been devoted to the theoretical
description of mixing in flowing streams. The importance of
mixing in distillation columns results from the fact that it is
closely related to the tray efficiency,
27Lewis , in the derivation of his equations, assumed that 
the liquid was completely unmixed in the direction of liquid flow 
and in his case 1 condition also assumed that the vapour enters 
the tray completely mixed. The resulting relation between the 
overall plate efficiency, E^, and the local efficiency, E^? 
which was widely used for design purposes, is as follows:-
EMV = exp t + Eos) - 1   2-3
X
Em v and Eq^ are the plate and point efficiencies respectively as
-zl+defined by Murphree .
The first attempt to account qualitatively for the effect 
of liquid mixing on the tray efficiency was made by Kirschbaum . 
He -proposed that the tray be divided in the direction of liquid 
flow into several equal sized, perfectly mixed pools and the 
liquid be, imagined to flow from one pool to the next until it 
reached the outlet weir, A tray with a single pool corresponds 
to a perfectly mixed tray, while one with an infinite number of 
pools corresponds to an entirely unmixed tray. The author, 
however, did not indicate how the actual number of pools should
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b e  o b t a i n e d .
include the effect of liquid mixing Gautreaux and O'Connel
30revived the pool concept of Kirschbaum" « The Murphree vapour
I n  an  a t t e m p t  t o  m o d i fy  t h e  L ew is  c a s e  1 e q u a t i o n  t o
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tray efficiency, , was related to the point efficiency7, EqG? 
using the assumption that the equilibrium and operating lines 
were straight over the concentration range of.a single tray.
The relation
Where n = the number of mixing pools.
It is of interest to note that the limiting form of equation 2.4 
as n tends to infinity is the Lewis equation. This must be so 
since the Lewis equation is based on the assumption of no liquid 
mixing which would of necessity give an infinite number of 
stages.
A tentative correlation of the number of pools VS tray 
length was presented
32Oliver and Watson have derived mixing data based on the 
assumption that the rate of mixing is uniform across the plate. 
The data were correlated by analogy to the relation that the 
degree of mixing is a unique function of the power input per 
unit volume for a. given geometrical shape and a given volume.
The final relation between the point efficiency and the plate 
efficiency wass-
MV 2.4
• © • • 2 . 5
\ ( 1  -  S’ )
Again, the relation expressed by equation 2,5 reduces to the 
Lewis equation when F = 0,
Unfortu ately the experimental verification of this rela­
tion depends upon concentration samples taken from tho unstable
"entrance length" of the plate close to the inlet weir.
33Johnson and Marangozis employed a splashing factor and 
the pool concept in the description of their mixing data for a 
single perforated plate. In this investigation "splashing" of 
the liquid was considered as the mechanism of mixing and actual 
"splash" measurements were correlated as a function of hydro- 
dynamic conditions and liquid physical properties. Visual 
observation of the performance of the bubble plate revealed that 
a thin layer of clear liquid existed on tho bottom of the plate 
while the majority of the liquid hold-up was in the form of 
eddies and spray or foam, Tho eddies extended from the liquid 
layer to the top of the foam, they swirled and foil back again 
on the plate, in this way they caused the liquid to "splash5? 
from place to place and to mix with adjacent liquid. It was 
this "mechanical" mixing which was considered to be the major 
mixing mechanism, while the mixing by eddy diffusion in tho thin 
layer of liquid was found to be negligible.
Assuming the "splashing" mechanism a mass balance over a 
differential volume gives the final correlation between the 
plate efficiency and the point efficiency as;-
Mil e r e  F = t h e  t o t a l  f r a c t i o n a l  m i x i n g .
B = Q. 2U ~ Q Z •Jb i? Jj jj
where and are the fractions of liquid flow rate splashing 
downstream and upstream respectively.
E-y and Z^ denote the distance measured on the plate downstream 
and upstream respectively.
The actual amount of liquid splashing backwards and for­
wards was determined experimentally and it was found that with 
the apparatus used, within the variables studied, the mixing 
factor B was found to vary according to the following cxpirical 
relation:-
B = 0.688 x 1 0+  a2,15, u2*28!  h4 *2 (u )“°*57 2 .7
( B ~\
(Cd
Where U^ = The linear gas velocity based on total bubbling area,
U-^  = The linear liquid velocity based on liquid hold-up.
h =: The weir height.
U^ = The viscosity of liquid,
ft The liquid density.
Unfortunately over the range of mixing factors encountered 
equation 2 , 6 predicts values of plate efficiency which are 
almost identical with those predicted by the Lewis equation.
The authors concluded that in the runs reported the splashing
an d  B i s  t h e  m i x i n g  f a c t o r  duo t o  s p l a s h i n g ,  d e f i n e d  a s : «
rate \\ras too small to have any effect on the Lewis efficiency. 
Further work is in progress to obtain further information on 
splashing rates for different tray configurations.
Another approach to the problem of liquid mixing on dis­
tillation trays is based on the supposition that mixing takes 
place by an "Eddy-diffusion” mechanism. In addition to 
material transport by the bulk flow of liquid across the tray, 
it is assumed that material is also transported from one position 
to another at a rate propertional to the concentration gradient 
in the direction of liquid flow. By analogy to the diffusion 
theory of the kinetic theory of gases, the proportionality factor 
is called an !?eddy-dif fusion coefficient51.
The eddy-diffusion concept was used b y ,the University of 
17Delaware workers in deriving the following rather complex 
relation between the Murphree tray efficiency, , and the point 
efficiency, Uu
E'MV = 1 ” exp ^"4 -IJPe
e og '0vrFp~ 7 ( T T -  v  wpe
.exp (T\) - 1 
( T  +  - A  J 
( T\+ Npe)
2.3
Where = N.Pe
2
2.9
( Pe )
Where Np is the Peclet number which is defined by either of the
following expressions:-
* .  . .  a .  o o  . «  . a  s o  o * 2.10
or
N = v ZT Pe _L
E
= ©  
d k cl
2.11
3 5
Where V =: Froth velocity, defined as V ? L// ^ ^ s
U U ! F J
L = Liquid flow rate,
A = Gross-sectional area of froth,
- Clear liquid density,
^ F =: Froth density factor, volume of liquid per unit
volume of froth,
= Eddy-diffusion coefficient of mixing,
t^ =s The average liquid residence time on the tray.
It was recognised that the relation expressed in equation
2 . 8 was cumbersome to use, numerical solutions at selected
values of L  and . E^ .^  were worked out with the aid of aPe OG
digital computer.
A number of experimental approaches are possible for
measuring the parameters needed to compute the ratio E^, the
E^„OG
one selected for the A.I,Ch,E. programme involves the continuous 
injection of a non-volatile tracer into the bubble-tray froth 
near the outlet weir and subsequent measurement of the degree of 
tracer diffisuon upstream. Under steady state conditions and 
if the tray has a sufficient length of liquid travel so that none 
of the tracer reaches the tray inlet position the following rela­
tion may be derived.
X — X o = exp (~ W.Np ) «, .. , o , a 2 , 1 2
X - X eg o
'Where X = The tracer concentration of any point, W,
Xq = Tho tracer concentration of the liquid fed to the 
tray,
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X =: The tracer concentration at the injector grid.
8
A logerithmic plot of (X - X )/(X - X ) against the distanceo g  o
W will be linear; the slopes of such plots give values of the 
Peclet number from which the eddy-diffusivity is readily deter­
mined. Values of eddy-diffusion coefficient obtained in this 
matter were correlated as a function of the major tray design 
and operating variables. The correlating equation was found 
to be;-
(D ) = 0.0124 + 0 0 1 7 1  U + 0.00250 L + 0 . 0 1 5 0 ., 2 . 1 3
Thus for design purposes the diffusion coefficient can be com­
puted from equation 2.13 then converted into the Peclet
number using either equation 2.10 or 2.11, This value of Np 
in conjunction with a given value of A  E ^  is used to determine
the Murphree tray efficiency.
15 35Gilbert and Welch, Burbin and Holland also assumed
an eddy-diffusion concept but used frequency response as the
method of dynamic analysis. These authors used the result of
36Kramers and Alberda that a characteristic mixing parameter 
can be determined for the continuous flow system by comparison 
of the experimental and theoretical frequency responses, provided 
it is valid to assume that the mixing process can be represented 
mathematically by a combination of x>iston flow and longitudinal 
diffusion. The relation is:-
X.
2.
(p‘ -t- 1 ) exp azj*p‘ (2/a-1 ) + ij| -b (p-1 ) exp az (p+1 )
0.5 [ (p + 1 )2 exp
0 0 4
.37 -
2zp - (p-1 )2]
> • « e «s
I
2 .1 *1*
Where X^ - The concentration measured upstream of the. inlet. 
Xq = The concentration at a point distance s from the
P
inlet.
"*0,54'£U
3 /m Z
P = The forcing xseriod, secs.
T = Mean liquid residence time, secs.
Z = U ZT , a modified Peclet number.
2D
IT = Mean liquid velocity.
Z^ = Total effective length of plate.
D Longitudinal eddy-diffusivity.
a = s_
ZL
As equation 2.14 is rather cumbersome to use directly,
values of the ratio X./X were obtained for sriecific values of
x s .
Z and (P/T) with the aid of a digital computer.
An attempt was made to correlate the.actual values of 
liquid mixing with the operating conditions on the tray. The 
correlation used was the one proposed by foss et al. who 
suggested a correlation of the type:-
V  =  c  (J2l U ) "  Y  . .  o .  o .  , . o o . .  2 . 1 5
irh . 1
Where 0^ and eire constants and h is the clear liquid depth 
on the tray. The actual correlating equation obtained from 
the experimental data was:-
Based on the assumption that the point efficiency is constant 
over the plate and that the composition of the vapour entering 
a plate is constant over the column cross-section and also that 
the equilibrium curve is a straight line over the concentration 
011 a tray the mixing parameter was related to the plate efficiency 
by the following expression:-
B is the ratio of the slopes of the operating and equilibrium 
lines.
It is of interest to note that as D tends to zero the
expression for the efficiency ratio reduces to the Lewis equation;
the expression also reduces to unity when 1) tends to infinity,
37Foss, Gerster and Pigford obtained a measure of the 
liquid mixing on the tray by measuring liquid-residence-times 
distribution functions for sieve trays. Their work was based 
upon the supposition that mixing of the flowing* liquid causes 
some of the liquid to reside on the tray for periods longer and/ 
or shorter than the period of residence of some other portion 
of liquid. The theoretical treatment of the residence-time* 
distributions is largely based on a comprehensive study by
2 .17
I
Where p = (
and = U
D
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Danckwerts which detailed the fundamental concepts involved 
together with applications to several types of processes being 
carried out in continuous-flow systems.
Based on the assumption that the gas passes uniformly up 
through the liquid in plug flow and that the operating and 
equilibrium lines are straight for a given tray, the authors 
derived the following expression for the Murphree vapour tray 
efficiency:-
£20
E _ 1 - (- * eoq *7-0 £  (t) dt ^  ^  2,18
m  o f ^ Xp (" ^ E0G t / r )  f (t) dt
Where f(t) = The residence time frequency distribution function,
t = The residence time, secs,
X  = The mean residence time, secs.
The authors introduced a rapid change of inlet tracer 
concentration from one valve to another; the response of the 
tray to this unit step input gives directly the cumulative 
residence time distribution function. The residence time 
frequency distribution function was obtained by differentiating 
the cumulative function with respect to time* However, in 
order to predict the Murphree tray efficiency from equation 2 . 1 8  
it is necessary to know both the residence-time function and the 
X^oint efficiency. Values of point efficiency- obtained by deter­
mination of point mass transfer coefficients using a steady 
state method in a large pool of completely mixed froth. The 
results wore correlated as a function of froth height and froth
-  fi-0 -
density* Thus after determination of both the residence-time 
distribution for a given operating condition and the mass 
transfer coefficient applicable at that condition, the actual 
tray efficiency may be computed from equation 2 ,1 8 .
However, use of equation 2 , 1 8  requires detailed knowledge 
of the residence-time distribution function f(t) and if this 
information is in tabular form the calculation becomes tedious. 
Considerable simplification will result by employing an approxi­
mate analytical representation of the distribution function.
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T h e  m a g n i t u d e  o f  t h e  h o l d - b a c k  i s  t h e r e f o r e  a  m e a s u r e  o f  t h e  
d e v i a t i o n  o f  t h e  s y s t e m  f r o m  p i s t o n  f l o w .  T h e  s i g n i f i c a n c e  o f  
h o l d - b a c k  m a y  b e  s e e n  f r o m  a  c o n s i d e r a t i o n  o f  t h e  f o l l o w i n g  
s y s t e m ; -
L e t  t h e  c o l o u r  o f  t h e  i n f l o w i n g  f l u i d  s u d d e n l y  c h a n g e  f r o m  
w h i t e  t o  r e d ,  t h e  h o l d - b a c k  i s  t h e n  e q u a l  t o  t h e  f r a c t i o n  o f  t h o  
v o l u m e  o f  t h e  f l u i d  i n  t h e  v e s s e l  w h i c h  i s  w h i t e  a t  t h e  t i m e  w h e n  
a  v o l u m e  o f  r e d  f l u i d  e q u a l  t o  t h e  v o l u m e  o f  t h e  v e s s e l  h a s  p a s s e d  
t h r o u g h .
T h e  h o l d - b a c k  v a l u e  i s  i m p o r t a n t  i n  d i s t i l l a t i o n  w o r k  b e c a u s e  
a  h i g h  h o l d - b a c k  m e a n s  t h a t  m u c h  o f  t h e  v o l u m e  o f  a  t r a y  i s  
o c c u p i e d  b y  m a t e r i a l  w h i c h  h a s  b e e n  s t r i p p e d  o f  v o l a t i l e  c o m p o n e n t  
w h i l e  m a t e r i a l  r i c h  i n  v o l a t i l e  p a s s e s  r a p i d l y  a c r o s s  t h e  t r a y  ' b y  
a  s h o r t - c i r c u i t  r o u t e .
S e g r e g a t i o n .
T h e  s e g r e g a t i o n  i s  a  m e a s u r e  o f  t h e  d e v i a t i o n  o f  a  
s y s t e m  f r o m  p e r f e c t  m i x i n g .  T h e  s e g r e g a t i o n  v a l u e  m a y  b e  
o b t a i n e d  f r o m  t h e  F - d i a g r a m  b y  s u p e r i m p o s i n g  t h e  F - d i a g r a m  f o r  a
c o m p l e t e l y  m i x e d  s y s t e m  o n t o  t h e  c u r v e  o b t a i n e d  f o r  t h e  s y s t e m  
u n d e r  e x a m i n a t i o n .
T h e  e q u a t i o n  o f  t h e  F - c u r v e  f o r  a  c o m p l e t e l y  m i x e d  s y s t e m  m a y  b e  
o b t a i n e d  f r o m  t h e  f o l l o w i n g  c o n s i d e r a t i o n s -
C o n s i d e r  t h e  i n f l o w i n g  s t r e a m  o f  f l u i d  t o  u n d e r g o  a n
i n s t a n t a n e o u s  c h a n g e  i n  c o l o u r  f r o m  w h i t e  t o  r e d  a t  t i m e  t  =  o „  
F o r  a  p e r f e c t l y  m i x e d  s y s t e m ,  t h e  i n t e r n a l  a n d  e x t e r n a l  r e s i d e n c e  
t i m e  d i s t r i b u t i o n  f u n c t i o n s  a r e  i d e n t i c a l
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W i t h  r e f e r e n c e  t o  f i g u r e  I I I . 3 *  t l i e  d e p a r t u r e  o f  a  s y s t e m  f r o m ,  
p e r f e c t  m i x i n g  i s  i n d i c a t e d  t o y  t h e  s i z e  o f  t h e  s h a d e d  a r e a  
( A x  + - A g ) .  H o w e v e r  s i n c e  t h e  a r e a  b e t w e e n  e a c h  c u r v e  a n d  t h e
t h e  a r e a  b e t w e e n  t h e  F - c u r v e  f o r  t h e  s y s t e m  a n d  t h e  c u r v e  f o r  
p e r f e c t  m i x i ? i g  u p  t o  t h e  p o i n t  t  =  t -^  w h e r e  t h e  c u r v e s  c r o s s .
V a r i a n c e  o f  t h e  R e s i d e n c e  T i m e s  D i s t r i b u t i o n  *
s e t s  o f  p a r a m e t e r s  c a l l e d  t h e  m o m e n t s  o f  t h e  d i s t r i b u t i o n .  O n e  
s e t  a r e  t h e  m o m e n t s  t a k e n  a b o u t  t h e  o r i g i n  a n d  t h e  o t h e r  a r e  t h e  
m o m e n t s  t a k e n  a b o u t  t h e  m e a n .  I t  i s  a n  i n t e r e s t i n g  p r o p e r t y  o f  
t h e  m o m e n t s  o f  a  d i s t r i b u t i o n  t h a t  t h e y  c o m p l e t e l y  d e f i n e  t h e  
d i s t r i b u t i o n ;  h e n c e  t h e y  c a n  b e  u s e d  t o  c o m p a r e  d i s t r i b u t i o n s  
w i t h o u t  c o m p a r i n g  t h e  a c t u a l  c u r v e s  t h e m s e l v e s .
l i n e  F ( t )  =  1  i s  u n i t y  t h e  t w o  s h a d e d  p o r t i o n s  h a v e  t h e  s a m e  a r e a  
( A ^  =  A g ) • F o r  t h i s  r e a s o n  t h e  s e g r e g a t i o n  i s  d e f i n e d  s i m p l y  a s
A s s o c i a t e d  w i t h  e v e r y  a g e  d i  s t r i t o u t i o n  f u n c t i o n  a r e  t w o
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T w o  m o m e n t s  a r e  m o s t  f r e q u e n t l y  u s e d  t o  d e f i n e  t h e  
d i s t r i b u t i o n ,  o n e  o f  w h i c h ,  t h e  f i r s t  m o m e n t  a b o u t  t h e  o r i g i n  o r  
c e n t r o i d  o f  t h e  d i s t r i b u t i o n ,  h a s  b e e n  d e a l t  w i t h  p r e v i o u s l y * 
T h i s  i s  t h e  l o c a t i o n  p a r a m e t e r  o f  t h e  d i s t r i b u t i o n .
T h e  s e c o n d  m o m e n t  a b o u t  t h e  m e a n ,  c o m m o n l y  c a l l e d  t h e  
v a r i a n c e ,  m e a s u r e s  t h e  s p r e a d  o f  t h e  d i s t r i b u t i o n  a b o u t  t h e  
m e a n  a n d  i s  e q u i v a l e n t  t o  t h e  s q u a r e  o f  t h e  r a d i u s  o f  g y r a t i o n  
o f  t h e  d i s t r i b u t i o n *  I t  i s  d e f i n e d  f o r  a  c o n t i n u o u s  d i s t r i b u ­
t i o n  a s
oo
I  ( t  -  t ) s  E ( t ) a t
cr, OHCM#OO o o o p p O o o o1 .  2k-
E ( t ) a t
o
CO
N o w  s i n c e  /  E ( t ) d t  =  1 ,  e q u a t i o n  1 . 2 / +  r e d u c e s  t o
o
00
cr, =  J  ( t  -  t ) s  E ( t ) a t
O
0 o • » o o * o o b
I f  t h e  t i m e  s c a l e  i s  m e a s u r e d  i n  s e c o n d s  t h e  v a r i a n c e  cr, 2  w i l l
t
t h u s  h a v e  u n i t s  o f  ( s e c o n d s ) 2 .
T h e  e q u a t i o n  f o r  t h e  v a r i a n c e  m a y  a l s o  b e  w r i t t e n  i n  a  d i m e n s i o n ­
l e s s  f o r m  b y  d i v i d i n g  t h r o u g h  b y  t h e  s q u a r e  o f  t h e  m e a n  r e s i d e n c e  
t i m e  ( t ) 2 .  T h e  r e s u l t i n g  d i m e n s i o n l e s s  t i m e  w i l l  b e  r e p r e s e n t e d  
b y  t h e  s y m b o l  0 ;  t h u s ,
0 = t O O O O f t f t O O . P f t f t O f t f t f t 1 . 2 6
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I t  i s  o f  i n t e r e s t  t o  n o t e  t h a t  t h e  m e a n  r e s i d e n c e  t i m e  i n  t h e  
d i m e n s i o n l e s s  s c a l e  i s  u n i t y ,  i . e .  6  =  1 .
D i v i d i n g  e q u a t i o n  1 . 2 1 +  b y  ( t ) 2  y i e l d s
/ oo (e - i )2 b(<?) a e
( ) 5=.................... . . o . o o o o . o  1 * 2 7
v t  / r 00
0 / E  ( d )  d d
• ' o
/ OO E ( 0 ) d 0  =  1 ,  t h e r e f o r e  e q u a t i o n  1 . 2 7  r e d u c e s  t o
O o oo
cr2 =  / ( 0  -  I ) 2 E ( 0 ) d 0  * o .  * o .  o * .  1 . 2 8
^ o
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T r e a t m e n t  o f  E x p e r i m e n t a l  D a t a
I t  h a s  b e e n  a s s u m e d  i n  t h e  f o r e g o i n g  t h a t  t h e  f o r m s  o f  
t h e  f u n c t i o n s  l ( t )  a n d  E ( t )  d o  n o t  v a r y  w i t h  t i m e .  I n  f a c t ,  
h o w e v e r ,  i n s t a b i l i t y  o f  f l o w  m a y  l e a d  t o  r a n d o m  f l u c t u a t i o n s  
i n  t h e  i n t e r n a l  a n d  e x i t  a g e  d i s t r i b u t i o n s .  T h e s e  r a n d o m  
f l u c t u a t i o n s  m a y  b e  e l i m i n a t e d  b y  m a k i n g  a  n u m b e r  o f  d e t e r m i n a ­
t i o n s  o f  t h e  d i s t r i b u t i o n s  a n d  a v e r a g i n g  t o  g i v e  t h e  m e a n  f o r m .  
T h e  f o l l o w i n g  n u m e r i c a l  t e c h n i q u e  i s  u s e d  t o  a v e r a g e  t h e  
e x p e r i m e n t a l  d a t a  :
L e t  C Q ( t )  r e p r e s e n t  t h e  c o n c e n t r a t i o n  o f  t r a c e r  i n  t h e  e x i t  
s t r e a m  a t  a  t i m e  t  a f t e r  i n j e c t i o n  “ a " .  I n  g e n e r a l  ( t )  a n d  
C ( t )  f o r  o t h e r  i n j e c t i o n s  i n  t h e  s a m e  t r i a l  m a y  b e  d i f f e r e n t ,v
b u t  s i n c e  t h e  s h a p e  o f  t h e  d i s t r i b u t i o n  m u s t  b e  t h e  s a m e
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r e g a r d l e s s  o f  t h e  q u a n t i t y  o f  t r a c e r  i n j e c t e d ,  w e  c a n  d e f i n e  
c o n s t a n t s  B  a n d  D  s u c h  t h a t
T h e  v a l u e s  o f  G a ( t ) ,  B G ^ ( t )  a n d  D C c ( t )  a r e  t h e n  c o m p a r a b l e  a t  
a n y  v a l u e  o f  t  a n d  m a y  b e  a d d e d  t o g e t h e r  t o  g i v e  a  n e w  v a l u e  
G ( t )  w h i c h  i s  t h r e e  t i m e s  t h e  a v e r a g e .  T h e  p l o t  o f  G ( t )  a g a i n s t  
r e a l  t i m e  m a y  b e  r e g a r d e d  a s  t h e  c o r r e c t e d  i n s t r u m e n t  r e s p o n s e  
a n d  g i v e s  t h e  r e s i d e n c e  t i m e  d i s t r i b u t i o n  i n  r e a l  t i m e  a n d  
a r b i t r a r y  u n i t s  o f  c o n c e n t r a t i o n .  T h e  m e a n  r e s i d e n c e  t i m e  
c a n  b e  o b t a i n e d  d i r e c t l y  f r o m  t h i s  d i s t r i b u t i o n  f u n c t i o n  a s
T h i s  i s  t h e  f i r s t  m o m e n t  a b o u t  t h e  o r i g i n  o r  c e n t r o i d  o f  t h e  
d i s t r i b u t i o n .
A s  s t a t e d  p r e v i o u s l y ,  f o r  p u r p o s e s  o f  c o m p a r i s o n  o f  r e s i d e n c e  
t i m e  d i s t r i b u t i o n s  i t  i s  b e t t e r  t o  e x p r e s s  t h e  r e s u l t s  i n  t e r m s  
o f  a  n o n - d i m e n s i o n a l  t i m e .  I t  w a s  a d v o c a t e d  t h a t  t h e  n o n -
d i m e n s i o n a l  t i m e  b e  o b t a i n e d  b y  d i v i d i n g  r e a l  t i m e  t  b y  t h e
V  V
r a t i o  / y .  N o v /  i t  h a s  b e e n  s h o w n  t h a t  t h e  r a t i o  /  i s  i n
f a c t  t h e  m e a n  r e s i d e n c e  t i m e ,  t h u s
t 1 . 3 1
D i m e n s i o n l e s s  t i m e ,  6  ,  i s  t h e r e f o r e  o b t a i n e d  a s
0  S S  .  p O O O P  O 0 0 o o o o o o o g  1 *  2 6
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U s i n g  t h i s  c o n c e p t ,  e q u a t i o n  1 . 3 1  m a y  b e  r e s t a t e d  i n  t e r m s  o f  
a  n o n - d i m e n s i o n a l  t i m e ,  do
/ oo
0 G ( e ) d 0
0 —  — 1 -1 -zo— -j- O O  O • o O O O O .  O J-p Jl—
/ OO
G ( e ) a e
o
I f  f u r t h e r  t o  t h i s  d i m e n s i o n l e s s  t i m e ,  t h e  c o n d i t i o n  i s  
i m p o s e d  t h a t  t h e  i n t e g r a l  o f  t h e  r e s i d e n c e  t i m e  d i s t r i b u t i o n  
f u n c t i o n  w i t h  r e s p e c t  t o  t i m e  b e  u n i t y  t h e n  t h e  s c a l e  o n  w h i c h  
t h e  d i s t r i b u t i o n  i s  t o  b e  p l o t t e d  i s  u n i q u e l y  d e t e r m i n e d  a n d  
i s  i n d e p e n d e n t  o f  t h e  s i z e  o f  t h e  a p p a r a t u s  i n  w h i c h  i t  i s  
m e a s u r e d  a n d  t h e  q u a n t i t y  o f  t r a c e r  u s e d .  T h i s  m o d i f i e d  
d i s t r i b u t i o n  i s  r e f e r r e d  t o  a s  t h e  N o r m a l i s e d  D i s t r i b u t i o n .
T o  c o n v e r t  t h e  r e s i d e n c e  t i m e  d i s t r i b u t i o n  i n  d i m e n s i o n l e s s  
t i m e  t o  t h e  n o r m a l i s e d  d i s t r i b u t i o n  a  c o n s t a n t  k  i s  i n t r o d u c e d  
b y  w h i c h  G ( < 5 )  i s  c o n v e r t e d  t o  E ( $ ) .
F r o m  t h e  d e f i n i t i o n  o f  E ( f ? )  w e  h a v e  t h a t  :
E ( 0 )  d d  =  1
00
o
T h e  c o n v e r s i o n  c o n s t a n t  i s  d e t e r m i n e d  f o r  e a c h  d i s t r i b u t i o n  b y  
p e r f o r m i n g  t h e  a c t u a l  i n t e g r a t i o n  o f
/
oo
G(e) ae  = ik
o
00
1
w h e r e  k  = k i
a n d  s i n c e  k  i s  a  c o n s t a n t  f o r  a n y  o n e  d i s t r i b u t i o n ,
oo
k G ( a ) a e  = i
O
T h u s  E ( 0 )  i s  o b t a i n e d  b y  m u l t i p l y i n g  e v e r y  v a l u e  o f  0 ( 0 )  b y  
t h e  c o n v e r s i o n  c o n s t a n t  a s  o b t a i n e d  b y  t h e  p r o c e d u r e  o u t l i n e d  
a b o v e .
I n  a c t u a l  p r a c t i c e  a l l  i n t e g r a t i o n s  w e r e  p e r f o r m e d  
b y  d i v i d i n g  t h e  c o n t i n u o u s  t r ’a c e  i n t o  a  s e r i e s  o f  n a r r o w  
e q u i d i s t a n t  s t r i p s  w h i c h  w e r e  t h e n  a s s u m e d  t o  b e  r e c t a n g l e s .oo
T h e  p e r t i n e n t  e q u a t i o n s  t h u s  b e c a m e  ^  E i ( 0 ) A < 9  = 1  .  .  .  1 , 3 3
i ~ o
CO ;— \
oo
)  E i ( e ) 0 i A 0  =  l  .  .  . 1 , 3 4  
i = o
)  ( l  -  0 ^ ) 2 E 1  =  cr3  .  .  . 1 . 3 5
i —o  
Q
y  ’ j 3 i ( 0 ) A 0  a  F ( 0 )  . . . . . . .  1 . 3 6
/ /
i = o
w h e r e  A 0  i s  t h e  i n t e r v a l  b e t w e e n  s u c c e s s i v e  f i g u r e s  C i  a t  t h e  
c o r r e s p o n d i n g  0 i .  T h i s  i s  e q u i v a l e n t  t o  r e p l a c i n g  t h e
-  5 6  -
c o n t i n u o u s  c u r v e  b y  a  h i s t o g r a m ,  i n  w h i c h  e a c h  r e c t a n g l e  h a s  
a  w i d t h  AO  a n d  a  h e i g h t ,  o f  C i .  T h e  r e q u i r e d  c o n t i n u o u s  c u r v e  
i s  t h e n  c l o s e l y  a p p r o x i m a t e d  b y  a  c u r v e  t h r o u g h  t h e  t o p  o f  e a c h  
c o m p o n e n t  r e c t a n g l e  a n d  t h e  i n t e g r a l  a n d  f i r s t  m o m e n t  a r e  
c o r r e c t l y  c a l c u l a t e d  o n  t h i s  b a s i s .  I n  o r d e r  t o  o b t a i n  t h e  
c o r r e c t  f o r m  o f  t h e  c u m u l a t i v e  d i s t r i b u t i o n ,  h o w e v e r ,  a  
c o r r e c t i o n  f o r  t h e  w i d t h  o f  t h e  h i s t o g r a m  m u s t  b e  m a d e .  I t  i s  
c l e a r  t h a t  a  c l o s e r  a p p r o x i m a t i o n  t o  a n y  p o r t i o n  o f  t h e  c u r v e  
w i l l  b e  o b t a i n e d  i f  t h e  c u r v e  p a s s e s  t h r o u g h  t h e  c e n t r e  o f  t h e  
t o p  o f  e a c h  s u c c e s s i v e  r e c t a n g l e  r a t h e r  t h a n  o n e  c o r n e r ,  s o  t h a t  
f o r  e x a m p l e  a  r e c t a n g l e  w h o s e  h e i g h t  i s  t h e  r e a d i n g  a t  1+0 s e c o n d s  
w i l l  c o v e r  t h e  t i m e  f r o m  3 5  t o  1+5 s e c o n d s  a n d  n o t  3 0  t o  1+0 
s e c o n d s .  T h i s  i n  t u r n  i m p l i e s  t h a t  w h e n  t h e  a r e a s  o f  t h e  
r e c t a n g l e  a r e  s u m m e d  t o  o b t a i n  t h e  c u m u l a t i v e  d i s t r i b u t i o n ,  t h e  
t i m e  t o  w h i c h  t h e  s u m  r e f e r s  i s  n o t  t h e  t i m e  o f  t h e  l a s t  r e a d i n g  
i n c l u d e d  b u t  a  h a l f - i n t e r v a l  l a t e r ;  t h u s  f o r  C 1 Q  +  G +  C ~ 0  
t h e . c o r r e s p o n d i n g  t i m e  w o u l d  b e  3 5  s e c o n d s .
A n o t h e r  m i x i n g  m o d e l  w h i c h  h a s  r e c e i v e d  c o n s i d e r a b l e  
a t t e n t i o n  i s  t h e  e d d y  d i f f u s i o n  c o n c e p t .  T h i s  m o d e l  a s s u m e s  
t h a t  t h e  r a t e  o f  m i x i n g  o f  a  c o m p o n e n t  i s  p r o p o r t i o n a l  t o  t h e  
c o n c e n t r a t i o n  g r a d i e n t  o f  t h a t  c o m p o n e n t .  U n d e r  t h e s e  
c o n d i t i o n s  t h e  p r o b l e m  m a y  b e  r e p r e s e n t e d  b y  P i c k s  S e c o n d  L a w  
o f  D i f f u s i o n .
-  5 7  -
T h e  f o l l o w i n g  m a t h e m a t i c a l  t r e a t m e n t  i s  b a s e d  o n  t h e  w o r k  o f  
3 8
D a n e k w e r t s  w h o  c o n s i d e r e d  t h e  f l o w  o f  f l u i d s  t h r o u g h  b e d s  o f  
s o l i d s *  C o n s i d e r  a  d i s t i l l a t i o n  t r a y  o f  l e n g t h  Zj j5 a l o n g  w h i c h  
f l o w s  w i t h  a  m e a n  a x i a l  v e l o c i t y  u *  A t  t i m e  t  »  o  l e t  t h e  
c o l o u r  o f  t h e  f l u i d  c h a n g e  f r o m  w h i t e  t o  r e d ,  t h e n  t h e  m e a n  c o n ­
c e n t r a t i o n  c  o f  t h e  r e d  m a t e r i a l  a t  a n y  p l a n e  X  o n  t h e  t r a y  i s  
g i v e n  b y  t h e  f o l l o w i n g  e q u a t i o n
•n § ! &  n o nJJ U, V ' *— ’ * * 0 * 0 0 * 0 0 0 * * 0 * * *  £— J .L
d x 2  a x  a t
i f  t h e  s u b s t i t u t i o n  M =  X  -  u t  i s  m a d e ,  e q u a t i o n  2 * 1  r e d u c e s  
t o  : -
^  a 5 c  a c
*v “  N u, o o & o # a o o o Q 0 « o ® o o O o  o Ar
d M 2  a t
T h e  c o n d i t i o n s  w h i c h  m u s t  b e  m e t  i n  a n y  r e a l  p h y s i c a l  s o l u t i o n  
o f  e q u a t i o n  2 . 2  a r e  a s  f o l l o w s  :■»
i *  c  =  c ( M , t ) *
i i *  W h e n  t  «= o ,  c  =  f ( M ) *  
i i i .  W h e n  t  >  o ,  f ( M )  c a n  b e  d i f f e r e n t i a t e d *
A  g e n e r a l  s o l u t i o n  o f  t h e  f o l l o w i n g  f o r m  c a n  b e  a s s u m e d
C — 0  ( I/I y ijf ( t )  * 0 0 * 0 * ®  * * e o o * o o  2  o j.1
S e p a r a t i o n  o f  t h e  v a r i a b l e s  i n  e q u a t i o n  2 . 2  g i v e s  t w o  o r d i n a r y
d i f f e r e n t i a l  e q u a t i o n s  t h e  s o l u t i o n s  o f  w h i c h ,  a r e  .
0 ( M )  -  (3 c o s  k ( M )  +  y  s i n  k ( M )  *  I  O O #  O O •  O O O C *  O' +*|*
, , . ( 4 . )  _  0  - k 2 D tr \ ° / “* 0,1 ^ 0 * * * 0 * 0 * * 0 0 0 0 0 . 0 0  o
W h e r e  a ,  / 3 ,  y  a n d  k  a r e  r e a l  c o e f f i c i e n t s *  S i n c e  a n y  s u m  o f  
s o l u t i o n s  i s  a l s o  a  s o l u t i o n ,  a  n e w  s o l u t i o n  r e s u l t s  b y  c o m b i n i n g
t h e  s o l u t i o n s  2 . i £  a n d  2 * 5  a n d  i n t e g r a t i n g  o v e r  a l l  p o s i t i v e  
v a l u e s  o f  k .  T h e  c o e f f i c i e n t s  /3 a n d  y  a r e  t a k e n  a s  f u n c t i o n s  
o f  k o
T h e  r e s u l t  o f  t h i s  o p e r a t i o n  i s  : ~oo
c  =  /  [ g ( k )  c o s  k ( M )  +  h ( k )  s i n  k ( M ) ] e ~ k  ^  d k  .  . 2 . 6
o
F o u r i e r  nas f o u n d  that if the f u n c t i o n s  g(k) a n d  n(k) are chosen, 
i n  t h e  f o l l o v / i n g  m a n n e r  :
+c° - • -
g ( k )  =  ±  I f  ( a )  c o s  a  k  d  a
—oo 
+oo
h ( k )  s i /  f  ( a )  s i n  a  k  d  a  
i r  J
—oo
t h e n  c o n d i t i o n  ( i i )  i s  f u l f i l l e d *  T h e  i n i t i a l  c o n c e n t r a t i o n  
d i s t r i b u t i o n  i s  g i v e n  b y  
c  «  f ( M )  a  c ( M , o )
oo
-  J t g ( k )  k  M +  h < k >  s i n  k  M ]  e l k a o * * a o .  2  a
o
S u b s t i t u t i o n  o f  t h e  v a l u e s  o f  g ( k )  a n d  h ( k )  i n t o  e q u a t i o n  2 * 6  
l e a d s  t o  t h e  F o u r i e r  i n t e g r a l  e x p r e s s i o n  f o r  c ( M , t ) ,  w h i c h  m a y  
b e  w r i t t e n  i n  t h e  f o r m
co oo
c ( M , t )  =  ~  J  e  ^  ^  d k *  J  f  ( a )  c o s  k  ( a ~ M )  d a  • ♦ 2 . 6
O ~*oo
E q u a t i o n  2 . 8  m a y  b e  s i m p l i f i e d  b y  c h a n g i n g  t h e  o r d e r  o f  
i n t e g r a t i o n  w h i c h  p e r m i t s  t h e  e v a l u a t i o n  o f  o n e  o f  t h e  i n t e g r a l s *
-  5 9  -
OO ' oo
1
5r( M , t )  -  i  /  f ( a )  d a . /  e ~ ^  ^  c o s  k ( a - M )  d k  . .  2 . 9—oo O
F r o m  P e i r c e f s  " T a b l e  o f  I n t e g r a l s 1' ,  P . 5 0 8 ,  t h e  f o l l o w i n g  r e s u l t  
i s  o b t a i n e d
/ oo ~ b 2 x 2 n t f t r  ~ c 2 / i + b 2 f o r  k  > oe  c o s  c x d x  -  e
T h e r e f o r e  t h e  s e c o n d  i n t e g r a l  i n  e q u a t i o n  2 . 8  b e c o m e s  :
00
/  e ~ v c o s  k  ( a  -  M) d k  «  £  J  ™ .  e x~  " 2 .1C
^  o
S u b s t i t u t i n g  t h i s  r e s u l t  i n t o  e q u a t i o n  2 . 9 $  y i e l d s  :
~j oo
a(M,t) = ---- - [  e ~ ( a  ~  m )3A d +  j a a  2.1 1
V55BE —oo
T h i s  i s  t h e  g e n e r a l  s o l u t i o n  o f  t h e  d i f f u s i o n  e q u a t i o n ;  p a r t i c u l ­
a r  s o l u t i o n s  m a y  n o w  b e  o b t a i n e d  t h e  f o r m s  o f  w h i c h  w i l l  d e p e n d  
u p o n  t h e  b o u n d a r y  c o n d i t i o n s  o f  t h e  s y s t e m s  u n d e r  c o n s i d e r a t i o n .  
C o n s i d e r  t h e  c a s e  w h e r e  t h e  d i m e n s i o n s  o f  t h e  t r a y  d o  n o t  
r e s t r i c t  d i f f u s i o n ,  t h u s  t h e  t r a y  i s  l o n g  e n o u g h  a n d  t h e  t i m e  
i s  s h o r t  e n o u g h  f o r  c o n c e n t r a t i o n  c h a n g e  n o t  t o  o c c u r  a t  t h e  
e x t r e m e  e n d s .  T h u s  t h e  b o u n d a r y  c o n d i t i o n s  a r e  :
C =5 1  M =  -  CO t  >  O
C ft O M ft oo t  >  o
A l s o  a t  t  ft  o  t h e  c o n c e n t r a t i o n  i s  u n i t y  i n  t h e  n e g a t i v e  p o r t i o n  
o f  t h e  v e s s e l  i . e .  - o o  <  M < o  a n d  z e r o  i n  t h e  p o s i t i v e  p o r t i o n  
i . e .  o  < M < oo , t h u s  t h e  b o u n d a r y  c o n d i t i o n s  a r e  :
c  f t  1  M < o  t = = o
c  =  o  M >  o  t  ft  o
T h e  i n t e g r a l  i n  e q u a t i o n  2 . 1 1  c a n  "be c o n s i d e r e d  i n  t w o  p a r t s  :
( M , t )
°  ~ ( a - M ) s / + > t  r °  - ( a - M )  2 / ! + D t
e  f ( a ) d a + /  e  f ( a ) d a
-oo O
0 . 0 0 0 * 0 2*12
U n d e r  t h e  p a r t i c u l a r  b o u n d a r y  c o n d i t i o n s  f * ( a )  s  1  i n  t h e  
i n t e r v a l  -  oo < a  < o ,  a n d  f ( a )  -  o  i n  t h e  i n t e r v a l  o  < a  < 
t h u s  e q u a t i o n  2 * 1 2  r e d u c e s  t o  :
oo
7E+nDt
- ( a - M )  S/I+ D T  
e  d a o o » o 0 » o * o  C, e,2.13
“00
I f  t h e  s u b s t i t u i t i o n  Y  »  i s  m a d e ,  e q u a t i o n  2 * 1 3  b e c o m e s
t U f D t
c ( M , t )  =
- M
A/IjSt
00
e  .  iJ W rb  d Y  .  . 2.11+
P u t t i n g  Y  =  -  y  ,  t h e n  :
O O
e  =  c ( M , t )  =  ~  /
+ r  M
—V 2 n
e  ^ d y o o o 0 # o » 0 o  # 2 * 1 5
E q u a t i o n  2 * 1 5  m a y  b e  c o n s i d e r e d  i n  t w o  p a r t s
J
oo ~
T h i s  r e d u c e s  t o  :
2 * 1 6
c  -
jj/tt 2 1*r?r■§■ e r f . M
61
2 * 1 7
T h u s  t h e  c o n c e n t r a t i o n  o f  r e d  m a t e r i a l  a t  a n y  p o i n t  o n  t h e
t r a y  i s  g i v e n  b y  :
1
1  ~  e r f o o o c o o o o o o 2 * 1 8
I n  p a r t i c u l a r  t h e  c o n c e n t r a t i o n  a t  t h e  t r a y  e x i t  i s  g i v e n  b y
1  -  e r f . 0 . . 0 . 0 0 0 0 0 2 . 1 9
R e l a t i o n  b e t w e e n  t h e  D i f f u s i o n  C o e f f i c i e n t  a n d .  t h e
V a r i a n c e  o f  t h e  r e s i d e n c e  t i m e  d i s t r i b u t i o n .
E q u a t i o n  2 . 1 9  p r e d i c t s  t h e  c o n c e n t r a t i o n  p r o f i l e  o f  r e d  
m a t e r i a l  f o l l o w i n g  t h e  i n s t a n t a n e o u s  c h a n g e  i n  c o l o u r  a t  t i m e  
t  a  o  ;  t h u s  c  i s  t h e  c u m u l a t i v e  d i s t r i b u t i o n  f u n c t i o n  F ( t )  
f o r  t h e  t r a y *  T h u s
F(t) = e r f .
ZT -  u t±J
.  3 . 1
2 * f D T  /
P r o m  t h e  d e r i v a t i v e  o f  e q u a t i o n  3 . 1  t h e  f r e q u e n c y  f u n c t i o n  
B ( t )  m a y  b e  o b t a i n e d  f r o m  w h i c h  m a y  b e  o b t a i n e d  e x p r e s s i o n s  
f o r  t h e  m e a n  r e s i d e n c e  t i m e  a n d  v a r i a n c e „
D i f f e r e n t i a t i n g  e q u a t i o n  3 . 1  w i t h  r e s p e c t  t o  t i m e ,  t  ,  y i e l d s  :
2™- O (t)]  = -  a e r f .
Z-^ ~  u t  
2's/D 't
3 . 2
t h u s 2 E ( t ) -  a e r f ,
Z L  — u t  
24Dt ) ]
-  62 -
w h e r e e r f ,
Z L  -  u t  
2 < 7 S t
JL  -  u t
2 * m t e
~ y s  d y  . p o p 3.1*
o
2 E ( t )
itfr
e
l + D t
d t
Z L  -  u t
«J=3»=*
L- 2*/Dt J
O P © 3.5
F o r  a  c o n t i n u o u s  d i s t r i b u t i o n  t h e  v a r i a n c e  o r  s e c o n d  m o m e n t  
a b o u t  t h e  m e a n  i s  d e f i n e d  a s
oo
CT, Ooo
O
(t ~ t ) 2 E(t) at
E(t) at
# o o o # a o 3 . 6
/ OO E ( t )  d t  =  1  ,  t h e  v a r i a n c e  f o r  t h e  e x i t  a g e
o
d i s t r i b u t i o n  f u n c t i o n  i s  g i v e n  b y  t
c r , /
o o
(t - t ) 2 E(t) at
o
o  o a q o o # 3 . 7
W h e r e  t  i s  t h e  m e a n  o r  f i r s t  m o m e n t  o f  t h e  d i s t r i b u t i o n  a b o u t  
t h e  o r i g i n ,  t h u s
oo
t =  I  t E ( t )  at 
J O
0 0 0 0 0 0 * 0 4 0 0 # 3 . 8
S u b s t i t u t i n g  f o r  E ( t )  f r o m  e q u a t i o n  3 . 5  i n t o  e q u a t i o n  3 . 8  g i v e s
-  ( Z ^  -  u t ) 2
“~ T E T “ " d 
• at
oo
■fir
S u b s t i t u t i n g
t * e d t O O •  •
y  =
2 < 7 D t
0 0 0 0 0 . 0  0 0 0 * 0  0
»
0 0
( Z T -  u t ) 2
J  ^ " * # 0 0 0  0 0 * 0  0 0 0 0 0
3 . 9
3.10
3 . H
— 63 —
$£. -  A.
d t  d t
Z L  -  u t
2 > & t
o o o o o o a o o o p #
I f *  t h e  a b o v e  s u b s t i t u t i o n s  a r e  m a d e  i n t o  e q u a t i o n  3 * 9
00
JL .
h f i F
t  e ~ y S  d y  . O P P O O 0 O 0 0 <
o
M u l t i p l y i n g  o u t  e q u a t i o n  3 * 1 1  g i v e s
y 2  l + D t -  2  Z L u t  +  u 2 t 2
u 2 t 2 -  t  ( y 2  2+D +  2 Z ^ u )  +  Z £
oi* t 2  -  —jj ( 2 y 2 D  +  ZT u ) t  +
u
Z1
u 2
0
ft 0
. z,
P u t t i n g
*.D
u
a  a n d  2 ^  »  bu
2 ( b y 2  +  a ) t  +  a 2  =  0
t  ft
2 ( b y 2  +  a )  _  i f  l + ( b y 2 +  a ) 2 -  l + a :
o r t  ft ( b y 2  +  a )  _  ' * f  ( b y 2 +  a ) 2  - a '
P P  o o o o o ct  =: ( b y 2 +  a )  *  y  aT b 2 y 2 +  2 a b
S u b s t i t u t i n g  f o r  t  f r o m  e q u a t i o n  3 * l U  i n t o  e q u a t i o n  3 * 1 3  
a n d  c h a n g i n g  t h e  l i m i t s  :
W h e n  t  *-> co ,  y  -  oo 
t  o  ,  y  -*  +  oo
“OO
• t *oo u —
F t +00
( a  +  b y 2 )  i  y > / b 2 y 2  +  2 a b e  ^  d y  .
* 3 * 1 2
- 3-13
3-li+
* -  3 . 1 5
— 6 A ~
N o w  s i n c e +  y V b  2 y 2  +  2 a b
—y y
e  i s  a n  o d d  f u n c t i o n
"OO
+00
+  y V b 2 y 2  +  2 a b - y  2  d y  == 0
E q u a t i o n  3 * 1 5  t h u s  r e d u c e s  t o  :
—00
=  v  j  + l3y^  e ~ y  dy
+00
0 0 * 0 0  * 0 * 0 * *
o r
00
t  a
m y  2
( a  +  b y 2 )  e  d y O 0 O • O ♦ 0 * 0 0 0
o
2
W5r
00 00
a e  ^  d y  +  J  b y 2 e ~ y  d y  
o
9O •
2 ft/jr
a
L  . 2
2®
t  =  a  +
b
O O O O  0 0 0  O O O O  o o o o o o o o o
S u b s t i t u t i n g  f o r  t  f r o m  e q u a t i o n  3 * 1 8  i n t o  e q u a t i o n  3 * 7
00
o
b ,
t  -  ( a  +  p:) E ( t )  d t  * .
E x p a n d i n g  e q u a t i o n  3 * 1 9  y i e l d s  :
cn
2 00 ° °
( a  +  | )  f  E(t) at - 2 ( a  +  | )  j  tE(t) at 
o o
6 5  -
3 ol 6
3 . 1 ?
3 . 1 - .
3.1;
oo
+ f t 2 B(t) dt
I
3 * 2 0
* . cr2 =z (  ^  1° \ 2 (a + •%)
"h 2
2 (a + §) +
OO
t 2 E(t)at
oo
or cr2 + (a + ^) -  j  t 2 E(t)dt
o
0 Q O Q O O O * # * *  9 0 0 3o2!
Substituting for t  into equation 3*21 from equation 3.14 and 
changing lim its :~
<ri + (a + ~) a 1  rJ
•oo
+00
(by2+ a) * y /^tPy2 + 2ab dy * 3,22
oo
1
' S
* +co
b2y4+ 2aby2+a2+ y \ 2+ 2aby2 1 2 (by2+a)yVbay 34 5 ab “*y ie dy
Now since * 2y(by2+ a) ^b ^y^ lT 2ab i s  an odd function 
equation 3 * 2 3  reduces to :
<r| + (a + | ) S a 1*=2*
h flr
'C O
f /-2 4 0 . 2 2 - 2 4,0 i ~y */ (b y + 2aby +a +b y +2aby- )e dy
+oo
oo
=  J  (2b2y^ + 4aby2 + a^)e~y dy
o
2
*
* f i r a + 4ab ^4 + 2b2 0c.!+
-  66 -
cr^ 2  +  ( a  +  | p  a  a 2  +  2 a b  +  ^ b 2
cr, a b  + Ab
k
hd o p  . 5 ),p2a  *^ =*=-0 A +  , * I ff*T*
U  U  ij. © h
o r
Z*r
<r. 2  =  2 - =  D  
t u 3
. O O O *  o o * »
D
T h e  r a t i o  i s  t h e  r e c i p r o c a l  o f  t h e  P e c l e t  N u m b e r ,  N p e
Xj
5 D
I f  t h e  a s s u m p t i o n  t h a t  1  »  5  T p r :  t h e n  e q u a t i o n  3 * 2 U
* L
r e d u c e s  t c  :
cr
z l d
t
* 0 0 0 0 0 * 0 * 0 0 .  0 * 0
u~
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U s i n g  t h i s  v a l u e  f o r  t  t h e  d i m e n s i o n l e s s  v a r i a n c e ,  cr2 ,  m a y  
b e  o b t a i n e d  f r o m  e q u a t i o n  3 . 2 5
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F o r  a  g i v e n  l e n g t h  o f  t r a y ,  Z ^ ,  e q u a t i o n  3 * 2 8  p r e d i c t s  a  
l i n e a r  i n c r e a s e  i n  t h e  d i m e n s i o n l e s s  v a r i a n c e  w i t h  i n c r e a s e  i n  
t h e  m e a n  r e s i d e n c e  t i m e  f o r  a  s y s t e m  i n  w h i c h  t h e  d i f f u s i v i t y  
i s  c o n s t a n t *  T h e  p l o t  o f  v a r i a n c e  a g a i n s t  m e a n  r e s i d e n c e  t i m e  
s h o u l d  a l s o  p a s s  t h r o u g h  t h e  o r i g i n  s i n c e  f o r  D  -> 0  ,  cr2 0 *
Ij- * M a s  s _  T r a n s f e r
T h e  b a s i c  e q u a t i o n s  u s e d  i n  d e v e l o p i n g  t h e  t h e o r y  a r e  
d e r i v e d  f r o m  t h e  u s u a l  d i f f u s i o n a l  a n d  m a s s  t r a n s f e r  e q u a t i o n s  
f o r  b i n a r y  m i x t u r e s *  U n l e s s  o t h e r w i s e  s t a t e d ,  t h e s e  e q u a t i o n s  
r e p r e s e n t  t h e  c o n d i t i o n  o f  e q u i m o l a r  c o u n t e r d i f f u s i o n  t h r o u g h  
t h e  i n t e r f a c e s ;  t h i s  i s  t h e  c o n d i t i o n  t h a t  i s  a s s u m e d  t o  a p p l y  
i n  m o s t  d i s t i l l a t i o n  p r o c e s s e s .  T h e  o t h e r  c o n d i t i o n  t h a t  I s  
f r e q u e n t l y  u s e d  i s  t h e  s t e a d y  s t a t e  d i f f u s i o n  o f  o n e  c o m p o n e n t  
t h r o u g h  a  s t a g n a n t  s e c o n d  c o m p o n e n t ,  t h i s  c o n d i t i o n  I s  a s s u m e d  
t o  a p p l y  i n  a b s o r p t i o n  a n d  s t r i p p i n g  p r o c e s s e s *  T h e  e q u a t i o n s  
o f  t h i s  l a t t e r  c o n d i t i o n  a r e  i d e n t i c a l  t o  t h o s e  o f  t h e  f o x r n i e r  
c o n d i t i o n  f o r  d i l u t e  s o l u t i o n s .
D i f f u s i o n a l  R a t e  E q u a t i o n s
T h e  d i f f u s i o n a l  r a t e  e q u a t i o n s  a r e  b a s e d  o n  a  m o d e r n  
a p p r o a c h  t o  t h e  t w o - f i l m  t h e o r y *  T h e  f o l l o w i n g  t h r e e  a s s u m p t i o n 1, 
a r e  n e c e s s a r y  :
1 .  T h e  r a t e  o f  m a s s  t r a n s f e r  o f  a  c o m p o n e n t  w i t h i n  a  p h a s e
I s  p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  i n  c o n c e n t r a t i o n  o r
a n d  a t  t h e  i n t e r f a c e *
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p a r t i a l  p r e s s u r e  o f  t h e  c o m p o n e n t  i n  t h e  b u l k  o f  t h e  p h a s e
3 *  T h e  h o l d - u p  o f  t h e  t r a n s f e r r i n g  c o m p o n e n t  i n  t h e  b o u n d a r y  
l a y e r  o r  r e g i o n  n e a r  t h e  p h a s e  b o u n d a r y  i s  n e g l i g i b l e  
w i t h  r e s p e c t  t o  t h e  a m o u n t  t r a n s f e r r e d  i n  t h e  p r o c e s s *
U n d e r  t h e s e  c o n d i t i o n s  t h e  r a t e  o f  m a s s  t r a n s f e r  m a y  b e  e x p r e s s e d  
b y  t h e  f o l l o w i n g  s t e a d y  s t a t e  e q u a t i o n s  w h e r e  t h e  c o n s t a n t  o f  
p r o p o r t i o n a l i t y  i s  k n o w n  a s  t h e  m a s s  t r a n s f e r  c o e f f i c i e n t *
2 .  E q u i l i b r i u m  e x i s t s  b e t w e e n  p h a s e s  a t  t h e  i n t e r f a c e *
N
s '  -  k 0 G ( p * - P G )  =  K O L ( C l - C * )  =  k G ( P l - p 6 )  =  + ■ ( < + - < + )  . o • * ?! *1
D i f f e r e n t i a l  D i f f u s i o n  R a t e  E q u a t i o n s
I n  a  c o m p l e x  s y s t e m  s u c h  a s  a  d i s t i l l a t i o n  t r a y ,  t h e  
i n t e r f a c i a l  a r e a  c a n n o t  b e  s a t i s f a c t o r i l y  e s t i m a t e d ;  t h e  m a s s  
t r a n s f e r  c o e f f i c i e n t  i s  t h u s  c o m b i n e d  w i t h  a n  a r e a  t e r m  t h e
I n t e r f a c i a l  a r e a  p e r  u n i t  v o l u m e  o f  c o m b i n e d  g a s  a n d  l i q u i d  h o l d *  
u p .  T h e  c o e f f i c i e n t s  k a  o r  ICa a r e  t h e n  r e l a t e d  t o  t h e  t r a y  
e f f i c i e n c y  d i r e c t l y  o r  b y  t h e  u s e  o f  t h e  t r a n s f e r  u n i t  c o n c e p t *  
E q u a t i o n  4 * 1  n o w  b e c o m e s
d N  =  K q q  a  ( y * ~ y )  P A d Z  «  k ^ a  ( y i  -  y )  P A d ZG
K q l  a  ( x - x ^ O p ^ A d Z  =  k L a  ( x  -  x i ) p L A d Z O Q 0 O 4 * 2
T h e  d i f f u s i o n a l  r a t e  e q u a t i o n s  m a y  n o w  b e  a p p l i e d  t o  t h e
w h o l e  c o l u m n  :
d Z
L  M A  
x  +  d x
y  +  a y
L  M A  
x
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Sk
Q  M A
y
f i g .  I l l
T h e  f l u i d  s t r e a m s  e n t e r i n g  t h e  d i s t i l l a t i o n  c o l u m n  a r e  s h o v / n  
i n  f i g .  1 1 1 .  A t  t h e  d i f f e r e n t i a l  e l e m e n t ,  d Z ,  w i t h  e q u i m o l a l  
t r a n s f e r  a s s u m e d ,
d  N  ft G jy A d y  ft L j^ A -d x  « . < » • .  » « , 0 0 0 0 0 0 * l+« d
C o m b i n i n g  e q u a t i o n s  1 + . 2  a n d  1 + . 3  f o r  t h e  o v e r - a l l  l i q u i d  p h a s e  • 
g i v e s
K 0 L  a  ”  x * ) p  ^  A d Z  =  L ^ A d x
ir  § £ ,  _  d x  ,
o •  O T i  r  J j  p j  ^ » .  o o » « c o o *  o .  .  t + ...
I n t e g r a t i n g  a n d  a s s u m i n g  t h a t  a p ^  i s  c o n s t a n t  y i e l d s  
K  a  ^  f  d x
0L  = J  J F x F J  ~  ^ o l  • 4 .5 . 1
T h i s  i s  t h e  t y p e  o f  e q u a t i o n  w h i c h  d e f i n e s  t h e  t r a n s f e r  u n i t ;  
s i m i l a r  e q u a t i o n s  m a y  b e  o b t a i n e d  f o r  t h e  o t h e r  t r a n s f e r  u n i t s .
T h U S  : M p  Z r_
_  = J  X x S q j  = N L  . . . . . . . .  v . 4 , 5 . 2
k g  a P Z
GM J  w i
5 t 0 0 „ 0 0 0 0 . i+o 5
C o n t a c t  T i m e
I n  a n y  r a t e  p r o c e s s  t i m e  i s  a n  i m p o r t a n t  v a r i a b l e .
I n  e q u a t i o n  J + . 5 . 2  f o r  t h e  t e r m  p  j Z / L ^  r e p r e s e n t s  a  t i m e  
o f  c o n t a c t  b e t w e e n  t h e  p h a s e s ;  t h u s  a  p l o t  o f  l i q u i d  r e s i d e n c e  
t i m e  o n  t h e  t r a y  a g a i n s t  t h e  c o r r e s p o n d i n g  n u m b e r  o f  t r a n s f e r  
u n i t s  s h o u l d  r e s u l t  I n  a  s t r a i g h t - l i n e  g r a p h  f o r  a  c o n s t a n t  k ^ a  
v a l u e  •
~ 7 0  -
A d d i t i v i t y ;  o f  R e s i s t a n c e
T h e  m a s s  t r a n s f e r  c o e f f i c i e n t s  k  a n d  K  a r e  
a n a l o g o u s  t o  e l e c t r i c a l  c o n d u c t a n c e ,  t h e  r e c i p r o c a l  o f  w h i c h  
i s  r e s i s t a n c e .  H e n c e ,  j u s t  a s  t h e r e  a r e  f o u r  m a s s  t r a n s f e r  
c o e f f i c i e n t s  s o  t h e r e  a r e  f o u r  r e s i s t a n c e s ,  o n e  o v e r - a l l  a n d  
o n e  i n d i v i d u a l  e a c h  f o r  t h e  l i q u i d  a n d  v a p o u r  p h a s e s .  T h e  
a d d i d i v i t y  o f  t h e s e  r e s i s t a n c e s  h a s  b e e n  d e m o n s t r a t e d  ( 3 9 * 4 0 , l i l )  
b y  e q u a t i n g  t h e  d r i v i n g  f o r c e s .
P r o m  e q u a t i o n s  a n d  4 * 5  w e  h a v e  :
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w h e r e  y ' 1' =  m  x  +  b  .  . „ ,  * .  0 0 <, 0 .  * 0 .  .  .  lj.„ 7
a n d  i n  t r a n s f e r  u n i t s  f r o m  e q u a t i o n s  4 . 5 ?
I n  t h i s  d e r i v a t i o n  t h e  a s s u m p t i o n  i s  m a d e  t h a t  t h e  v a p o u r -  
l i q u i d  e q u i l i b r i u m  c u r v e  i s  a  s t r a i g h t  l i n e  b e t w e e n  t h e  b u l k  
c o n c e n t r a t i o n s  o f  t h e  g a s  a n d  l i q u i d  s t r e a m s *
I n  e q u a t i o n s  4 « 6  a n d  4 * 9  t h e  t w o  t e r m s  i n  t h e  c e n t r e  r e p r e s e n t  
r e s p e c t i v e l y  t h e  s e p a r a t e  r e s i s t a n c e s  o f  t h e  v a p o u r  a n d  l i q u i d  
p h a s e s .  I f  t h e  r e l a t i v e  m a g n i t u d e s  a r e  s u c h  t h a t  t h e  v a l u e  o f  
o n e  t e r m  i s  n e g l i g i b l e  w i t h  r e s p e c t  t o  t h e  o t h e r  t h e  s y s t e m  i s  
c o n s i d e r e d  t o  b e  s i n g l e - p h a s e  r e s i s t a n t *
5 .  T r a . v  E f f i c i e n c i e s *
C o n s i d e r  t h e  f o l l o w i n g  t r a y  :
T h e  i n l e t  a n d  o u t l e t  g a s e s  a r e  a s s u m e d  t o  b e  w e l l  m i x e d  
w i t h  c o m p o s i t i o n s  o f  y  ^  a n d  y n  r e s p e c t i v e l y *  T h e  i n l e t  
a n d  o u t l e t  l i q u i d s  a r e  a s s u m e d  t o  b e  w e l l  m i x e d  a n d  o f  c o n s t a n t  
a n d  u n i f o r m  c o m p o s i t i o n s  x n  _  ^  a n d  x n  r e s p e c t i v e l y *  N o  
a s s u m p t i o n  a s  t o  t h e  e x t e n t  o f  l i q u i d  m i x i n g  o n  t h e  t r a y  i s
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r- - y n  + 1
a s s u m e d  a t  p r e s e n t *
T h e  o v e r a l l  t r a y  o r  M u r p h r e e  E f f i c i e n c y  i s  d e f i n e d
o o o o o o  0 9 0  P  O O O O 5 . 3
y.n y.n  + 1
W h e r e  y  i s  t h e  c o m p o s i t i o n  o f  t h e  v a p o r  t h a t  w o u l d  h e  i n  
e q u i l i b r i u m  w i t h  t h e  c o m p o s i t i o n  x n  l e a v i n g  t h e  t r a y ,  a n d
x
Et o
n  - 1 ~ xn
-  X
0 0 0 0 0 R Po o O O
* n  - 1 - n
rfi
W h e r e  x ^ ‘ i s  t h e  c o m p o s i t i o n  o f  t h e  l i q u i d  t h a t  w o u l d  b e  i n  
e q u i l i b r i u m  w i t h  t h e  v a p o r s  o f  c o m p o s i t i o n  y n  l e a v i n g  t h e  t r a y *  
A  p o i n t  e f f i c i e n c y  c a n  b e  s i m i l a r l y  d e f i n e d ,
■g r=
OG
y  - y.
P P O O 0 O P O P 0 O O P O P 5 . 3
y  - y.
o r  E
OL
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x  n -  x  
n  -  1
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B o t h  t h e  p o i n t  a n d  M u r p h r e e  E f f i c i e n c i e s  m a y  b e  s t a t e d  i n  
l i q u i d  t e r m s  o n l y *
JL ’bv
C o n s i d e r  t h e  h o r i z o n t a l  s e c t i o n  0  -  0  a s  t h e  n  t r a y  s h o w n  
b e l o w
H e r e  i t  i s  a s s u m e d  t h a t  t h e  v a p o r  c o m p o s i t i o n ,  d o e s  n o t  c h a n g e  
a l o n g  t h e  h o r i z o n t a l  p l a n e  0 - 0 *  T h e  l i q u i d  c o m p o s i t i o n  w i l l  
c h a n g e  w i t h  e l e v a t i o n  a s  w e l l ,  a s  l e n g t h *  B e c a u s e  o f  t h e  
d i f f e r e n t  c o m p o s i t i o n s  o f  t h e  g a s  a t  t h e  v a r i o u s  v e r t i c a l  l e v e l s  
t h e  c o n c e n t r a t i o n  o f  l i q u i d  a t  v a r i o u s  l e v e l s  a t  t h e  g i v e n  d o w n ­
s t r e a m  l e n g t h  o f  t h e  t r a y  w i l l  h e  d i f f e r e n t  e v e n  w h e n  e n t e r i n g  
g a s  a n d  l i q u i d  s t r e a m s  a r e  o f  u n i f o r m  c o n c e n t r a t i o n *  T h e  
l i q u i d  w o u l d  h e  o f  u n i f o r m  c o m p o s i t i o n  o n l y  i f  t h e  u p p e r  l i q u i d  
l e v e l s  t r a v e l l e d  m o r e  s l o w l y  i n  a  u n i q u e  m a n n e r *  T o  o b t a i n  a  
u n i f o r m  g a s  c o n c e n t r a t i o n  a t  a  g i v e n  h o r i z o n t a l  l e v e l  a c r o s s  t h e  
t r a y ,  i t  w o u l d  b e  n e c e s s a r y  f o r  t h e  d o w n s t r e a m  g a s  b u b b l e s  t o  
r i s e  m o r e  s l o w l y  t h a n  t h o s e  u p s t r e a m ,  a s  t h e  d r i v i n g  f o r c e  
d o w n s t r e a m  i s  l e s s .  T h i s  l a t t e r  a s s u m p t i o n  i s  h o w e v e r  
a p p r o a c h e d  f o r  t h e  c a s e  o f  l i q u i d - p h a s e  r e s i s t a n c e *
I n t e g r a t i n g  e q u a t i o n  k . 5 * l ?  a s s u m i n g  x  c o n s t a n t
K Z
OL 5 *1
x  =  x
1
OL
5 . 5
7 4
F r o m  e q u a t i o n s  5 - 5  a n d  5 * 7
OL1 -  E'OL e 5 * 8
T o  o b t a i n  v h e  M u r p h r e e  p l a t e  e f f i c i e n c y  - i n  l i q u i d  t e r m s  t h e  
e x t e n t  o f  t h e  l i q u i d  m i x i n g  o n  t h e  t r a y  m u s t  b e  k n o w n .
C a s e  I * A l l  t h e  l i q u i d  o n  t h e  t r a y  i s  a s s u m e d  t o  b e  p e r f e c t l y  
m i x e d .  T h e  c o n c e n t r a t i o n  o v e r  t h e  t r a y  m a y  b e  t a k e n  
t o  b e  x n  o A  m a t e r i a l  b a l a n c e  o v e r  t h e  t r a y  g i v e s  s
5. 1 0
5 . 9
D i v i d i n g  e q u a t i o n  1 7  i n t o  e q u a t i o n  1 6
T h e  R . H . S *  o f  e q u a t i o n  1 8  i s  t h e  d e f i n i t i o n  o f  t h e  M u r p h r e e  
L i q u i d  e f f i c i e n c y  E ^
N
t? Ifik
*UM L ~  N q l  +  1  * ° * # * * * 0 * *
C a s e  1 1 * T h e  l i q u i d  i s  a s s u m e d  t o  f l o w  a c r o s s  t h e  t r a y  w i t h  
p e r f e c t  p i s t o n  f l o w *
E q u a t i o n  11+ a p p l i e s  t o  t h i s  c a s e  w h e n  n o  v e r t i c a l  
c o n c e n t r a t i o n  g r a d i e n t  i s  a s s u m e d *  E ^  i s  t h e n  s u b s t i t u t e d
f o r  E q l
0 * * 0 * 0 0 0 * 0  o a
p  _  " k o l
% L  e
n o l  ,
n' e  — 1
■“ m l  n ot
e
C a s e  1 1 1 *  W h e r e  p a r t i a l  m i x i n g  o f  t h e  l i q u i d  o c c u r s *
C o n s i d e r  t h e  l i q u i d  f l o w i n g  o n  t o  t h e  t r a y  t o  
c o n s i s t  o f  a n  I n f i n i t e  n u m b e r  o f  s t r e a m s  e a c h  o f  w h i c h  i s  
d e s t i n e d  t o  r e m a i n  o n  t h e  t r a y  f o r  a  c e r t a i n  t i m e *
L e t  t h e  q u a n t i t y  o f  l i q u i d  f l o w i n g  i n  o n e  s u c h  s t r e a m  b e  
d e n o t e d  b y  L ^ E ( # ) d 0  l b  m o l e s / h o u r  o f  l i q u i d  d e s t i n e d  t o  h a v e  
a n  a g e  b e t w e e n  6  a n d  ( 6  +  d o )  a t  t h e  m o m e n t  o f  l e a v i n g  t h e  
t r a y *
T h e  f u n c t i o n  E ( 0 ) d 0  i s  t h e  l i q u i d  r e s i d e n c e  t i m e  f u n c t i o n .
t h e  t o t a l  a r e a  u n d e r  w h i c h  r e p r e s e n t s  t h e  s u m  o f  a l l  f l u i d  
s t r e a m s .
T h e  c o n c e n t r a t i o n  o f  d i s s o l v e d  m a t e r i a l  i n  e a c h  s t r e a m  i s  
a f f e c t e d  b y  m a s s  t r a n s f e r  t o  t h e  g a s  a t  a  c o n s t a n t  l o c a l  
e f f i c i e n c y  E q q »
T h e  l i q u i d  c o n c e n t r a t i o n  g r a d i e n t  o f  a n y  s t r e a m  c a n  b e  c o m p u t e d  
b y  c o n s i d e r i n g  a  m a s s  b a l a n c e  o n  a  d i f f e r e n t i a l  v o l u m e  o f  t h a t  
s t r e a m .  I t  w i l l  b e  a s s u m e d  t h a t  t h e  g a s  p a s s e s  u p  t h r o u g h  t h e  
l i q u i d  i n  p l u g  f l o w  a n d  t h a t  t h e  o p e r a t i n g  a n d  e q u i l i b r i u m  l i n e s  
a r e  s t r a i g h t  f o r  a  g i v e n  t r a y .
GM E ( 0 ) d 0 .  &
ll
y
L jj E ( e ) a 0  
X
L m  E ( d ) d O  
x ~ d x
GM E ( e )  4 0 .  z
d Z
L
yin
L e t  t h e  d i s t a n c e  f r o m  t h e  i n l e t  d o w n c o m e r  t o  t h e  o u t l e t  w e i r  
b e  Z ^  f t .  a n d  l e t  t h e  d i f f e r e n t i a l  s l i c e  b e  l o c a t e d  a t  a  
d i s t a n c e  Z f r o m  t h e  i n l e t  d o w n c o m e r .
T h e  a s s u m p t i o n  i s  m a d e  t h a t  a t  a n y  i n s t a n t  t h e  g a s  i s  e q u a l l y  
d i s t r i b u t e d  b e t w e e n  a l l  f l u i d  e l e m e n t s ,  t h a t  i s ,  t h e  v o l u m e  o f
-  7 7  -
g a s  w h i c h  c o n t a c t s  a  g i v e n  f l u i d  e l e m e n t  w i l l  h e  d i r e c t l y  
p r o p o r t i o n a l  t o  t h e  r e l a t i v e  v o l u m e  o f  t h a t  e l e m e n t *
T h u s  i f  t h e  s t r e a m  o f  f l o w i n g  l i q u i d  c o n t a i n s  L ^ E ( < ? ) d 0  l b .  
m o l e s / h r  o f  l i q u i d  t h e n  f o r  e q u a t i o n  5 . 1 5  t o  h o l d  t h i s  s t r e a m  
m a s t  h e  c o n t a c t e d  b y  G ^ E ( 0 ) & 0  l b .  m o l e s / h r  o f  g a s *  A l t e r n a ­
t i v e l y  G ^ E ( < 9 ) d 0  i s  t h e  v o l u m e  f l o w  r a t e  o f  g a s  w h i c h  w i l l  
c o n t a c t  t h e  f l u i d  e l e m e n t  w h i c h  w i l l  h a v e  a n  a g e  b e t w e e n  Q a n d  
( 0  +  d d )  a t  t h e  m o m e n t  o f  l e a v i n g  t h e  t r a y .
T h e  a m o u n t  o f  v a p o u r  p a s s i n g  u p w a r d s  t h r o u g h  t h e  d i f f e r e n t i a l  
v o l u m e  i s  G ^ I D ( 0 ) & 0  m u l t i p l i e d  b y  t h e  f r a c t i o n  o f  t h e  t r a y  a r e a
t h u s  =  c o n s t a n t
M
c o v e r e d  b y  t h e  d i f f e r e n t i a l  s l i c e ,  t h a t  i s ,  G ^ E ( 0 ) d 0 „ ^  
A  m a t e r i a l  b a l a n c e  o v e r  t h e  d i f f e r e n t i a l  s l i c e  g i v e s  :
d Z
-  L ME ( 0 ) a 0  ( x  -  d x )  =  ( y  -  y i n )  GM E ( a ) a a . | S
5.16
N e w  E q ^  i s  d e f i n e d  a s
• 0 0 * 0 6 5 . 1 7
S u b s t i t u t i n g  f o r  ( y  -  y ^ n )  i n t o  e q u a t i o n  5 * 1 6
L M E ( e ) a e  a x  =  ( y *  -  y i n )  e o g  .  GM E ( e ) a e
= -  xin*> E00 I f -  ¥ (s)de
n  G-  7 6  -
N o w  -
dx
x  -  x .
i s  t h e  r a t i o  o f  t h e  r a t e  o f  m a s s  t r a n s f e r  a t
m
section z to the driving force at section z. Therefore the 
amount of material transferred in time 6 at section z is given 
b y  : ~
d ;
m L
5-19
Integration yields :
x
on, x(a) - x. * N ' in
oo
x.
m
Z
 ^eog 6 z
z
o
Zto(x.n - xln*)- ln[x(©z) - x *] = X E0Q z
L
or x(d,z)  -
z
xin ~ xin
e L
x(0 ,z) ~ x. * + (x, -x. *) e* '  m  v m  m
- X  b o g  « I
c o o a 5 o 2 0
Equation 5.20 is thus the expression for the concentration of 
a given fluid stream at any location z on the tray. Of 
particular importance is the case when Z = Z^  , that is, the 
tray exit condition. Equation 5 . 2 0  may then be written as,
By weighing the concentration of each stream according to the 
residence time distribution an expression may be derived for 
the Murphree liquid efficiency*
ririout = xin* + <xin - y )
oo — A L q q  Q
e E(<?)d0
o
Now the Murphree liquid efficiency is defined
Et o
xin ~ x 
xin "* "^ out
x. x (0) ,in - v ' out
•v- -v-:;:
in out
for exit conditions
oo
xin ~
. 5 . 2 2
/ \ /  9 
x*in + (xin " xi!!in} J 0 e
xin " x*cmt
Et o
oo - A EOG-
1  - E(<?)d0
# 0 0 0 4
xin Xnout 
xin ~ xn'in
• 5.2
If the assumption is made that the operating and equilibrium 
lines are straight over the concentration range encountered on 
a given tray, then :
y = mx* + b 
In particular y  ^ = mx*out + b
x *  , ' = X * .out 111
^ i n  ^ o u t )
m
• 0 0 * * 0  0 0 * 0
Now from a mass "balance across the tray i
© u t ^  “  ^ " o u t  ~  x i n ^  
Combining equations 5.24 and 5*25 gives :
GM (yin O b O O O » « 0 0 0 6 0
5*24
5.2]
❖
x out x in ~ mGjJ x^out ~ xin^
xin ~ ©‘out 
xin xin*
- 1x. - [x * - >/ (X.m u~-in ” '“out
xin x. *■ m
x • *“ x j.m out
Substituting for x  ^ from equation 5.22 yields
CO
X.  — X*  .in out
x . — x .  *m in
xin
s  1  -
xiri + (xin- xin*} J o  ^  E°«a EG) d0
~ X (x , x T / T’ TH T Y\ *m xn
r° - X  En „  d 
i  - e 0G E ( e ) a e
=  1  - o
X
• O O 9 0 0 0 0 5 . 2 6
Combining equations 5.23 and 5.26 yields the final expression :
oo — X  Bqq 0
1  ~ e E ( 0 ) d 0
E
t o - l1 —* X 1 — j e 
"" o  
-  8 1  -
; r “ = o ^
E(0)d0
.  5 . 2 7
This expression was first determined by Foss et al together 
with a similar expression for the Murphree Vapor Efficiency,
e m v °
However, it was recognised that the use of equation 5-27 
required detailed knowledge of the residence time distribution 
function, E(0)s and that if this information was only available 
in tabular form calculations would become very tedious. 
Considerable simplification would result if an analytical 
representation of the distribution function could be used.
3 7
6 . Fitting a Mathematical the Residence Time Function.
One function which appears to fit the residence time 
distribution function quite well is the function
t(e) - a  0 e . . . . c o . . . . . . . . a .  6 . 1
Now the normalised distribution function obeys the three 
following conditions
1. The area under the curve is unity
oo
i . e
o
f  t ( d ) d . O  = 1  . . . . . . . . . . . . . . . .  6 . 2
The mean residence time is unity 
00
Off ( 0)d0 “  I .  o .  O * O O O » O O . O O * . 6*3i . e
o
The variance of the distribution, cr2 , is defined as
oo
I  (1- 6 ) 2 f f ( o ) d d  ~  (T2 O . O O O O . 6.4
o
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Each of these conditions are applied in turn to f(0) to 
determine a , fS and y .
Applying condition 1 ,
OO 00
J  f ( d ) d 6 == J  a  0 ^  d d
o  o
Now equation 5 Id. the definition of a Gamma function the 
general equation of which is
oo
r(z) = j  e“t tZ “ 1  dt . .  c. . . . . . . . . .  .
O
Replacing y by (- <f) equation 5 may be written
oo oo
[  f  ( 8 ) 6.6 = [a d 13 & ~ ^ d 6 0
Let $6 = (j>
S d d  == d<j>
OO oo /  V /3
I  f ( 6 ) 6 6  =  J  f  ( $ )  e " * 6 6 8
o o
■ Mir ^  . Ml »» ■ ” • IM _! . 1 1 __ I o O . • 0 0 * 0 0  O O * .
aop -—£— r (/3 + 1 ) = 1
( -  y ) ^ 1
Applying condition 2 *
oo oo
J  0 f“ (0) 4 0 = f  a  e v 6  40
o o
a
( -  y ) ^ 2
a  1
i - e * " c f f a m r  +  2 )  “  1
Applying condition 3*
r(/3 + 2 )
OO OO 00
Now f  (1-0) 2 f(0)40 = I  f(0)40 - 2 f  t 
o  o  o
oo
+ f  6 2 t ( e ) d d  
^ o
OO 00
o r  J  (l - 0) 2 f(0)40 =1- 2 + J  0s f(0) 40 
o o
1 + 1
o
oo
a  0^+2 eYe 40
.  6 . 9
6 .1C
8^ -
i . e .  cr2  =  ~  1  + r  ( / 3 +  3 )
( -  y ) ^ 3
N o w  T ( / 3  +  3 )  =  ( / 9 +  2 )  r  (/3  +  2 )
0 0 0 0 * 0 0 0 0 • * 6  * 1 1
• * 6 . 1 2
»  ( /9  +  2 ) ( / 9  +  1 )  r  ( £  +  1 )  p • * o 
Applying equations 12 and 13 to equations 9 and 10.
7 ~ ~ V & T  r (^ + l) = l = - ~ ~ ^ 2  r U  +  2 ) 
(- y ) ^ 1 - (- y ) ^ 2
( _  y . ) ^ 1  r  ^  +  ~^ ( I  y ) P &  r
1mtxM
1
6 .13
+_
~  V
- y = 0  + 1
Combining equations 11 and 12
O O O 0 O O 0 0 0 O 0 6.15
cr2 + 1 a
( -  y )
P + 3
r (/3 + 3)
— —— flTV “ ——~t5‘'3?£/3t2) r(/9+2) 6.15 
( _  y ) ^ 3  ( _  y ) / 3 + 3 ^
Substituting for a f (/3 + 2) from equation 10
<r2 +  1 0  +  2  
-  7
S u b s t i t u t i n g  f o r  -  y  f r o m  e q u a t i o n  l l + ,
6 * 1 5
. -i /3 +  2o- +  1  =  ^ _ T
-  8 5  -
• , f3 <r2 + (3 + cr2 + 3.
/3 (cr2 + 1  -  1  )
!3
i3 + 2
2  -  1  -  c r 2
1 - cr2 
cr~2" o o o o o o
Now
“ r
r
/3 +  1
1  - cr2 4- JLcr
•  a o o o e
* o » 6  o 1 0
• o 6*  -if |*
1«• «*•«■
cr2 • 6 „ 17f t f t f t o f t o o o e
Prom equation 9 .
a =
a = Q f t f t O f t f t f t O f t f t 6 • I f :
Substituting for a , /3 and y into equation 1,
1
f ( 6 )  a 0
1 - c r 2
e cr* 0 O 0 6 . 1 ?
f  ( f l )
e
1 —cr*
e 3= *
2 YY)<r2 rcr*5 i JL
vcr g.
-  86 -
f ( 0 )
'1  -  cr“
6
* A
cr*
r ( ' F
0
Cr s
0 * 0 0 . 0 0 0 * 0 * 0 . 6 . 2 0
7* Combining The Residence Time Distribution Function into the 
Mass Transfer Equation0
General Liquid phase efficiency equation (Murphree Liquid 
efficiency)
oo
(— X ®0G ^
1 - / e f(0) 40
M^L = T T  “7“°°“ (- X Bnr, 0) • • • " 7 , 1
1 - X'1 1 -  J  e ' 00 f(0) 40]
o
For a ligui4 phase controlling system such as the oxygen-air- 
water system equation 21 may be mo4ifie4
X » 1 for this type of system
■ r  °(  “  x  E n r  0 )
= 1 - / e uur f(0) 40 . . . . . . .  7.2
0
Also for this system X Eqq. =
00* r - N -  0
.  .  a  1  -  I Q f  ( 0 )  d f t      .  7 . 3
o
ML
-  8 7  -
S u b s t i t u t i n g  f o r  f ( £ ) f r o m  e q u a t i o n  2 0
oo
E ML -  1
1
k
e- v .  e- % 2 > e
l - c r a 
o '2 1
d  0 9 0 0 .  7 . 4
where K = cr F  r (~g O O Q 0 0 0 0 0 * 0 0 0 0 0 7.5
Rearranging equation 24
OO 1
^ ML
=  1  - 1k
- 0 ( N l +  <ps)
e
o
1 -tr5
• 0
o~‘ d 0 0 0 * 0 0 0 0  (07.6
Equation 26 is a Gamma function,
OO
r(z) -t .Z-le t dt • 9*00 uoonooooooo
o
7-7
Put $ - 0 (N l  +  £ ) 7.8
«>
• 9 (N l  +  ~ j r )  d d O 0 0 0 0 0 0 * 0 7.9
EML k
oo
O
,-55
cr^
oo
1  -
k
e d  (/>
-  88
®ML 1 - k r  (A > , O O 0 0 O O • 7 . 1 0
S u b s t i t u t i n g  f o r  k  i n t o  e q u a t i o n  2 9  f r o m  e q u a t i o n  2 5
- /< r!
T \ p z
1
NL  +  P *
r v /
=  1  -
2  /_42
cr
• /c r
T l  +  r )  / c r
=  1
o ' 2  (H l  +  p s )
'/cr'
(N T cr2 +  1 ) '/< r !
l ^ L  *  1  -  (N l  <rs  +  1 ) . 0 . 7 . 1 1
8 . Transfer
It is possible to arrange the results obtained in 
the form of a transfer function of the system under investigation, 
The transfer function is defined as that function by which the 
Laplace Transform of the input signal must be multiplied to
89
give the output signal; thus,
T x L (i) a L (0)
where
I is the input signal as a function of time , 0 » '
0 is the output signal as a function of time , 6 .
T is the transfer function
and L is the Laplacian operator which is defined as :
oo
L(S)~y f(0 ) © dt f ooooooooooo. oao 8 . 1
o
If the assumption is made that the input pulse is very short 
compared with the distribution obtained then the Input pulse 
may be taken to be a Dirac delta function* The laplace 
transform of a dirac delta function is unity and the transfer 
function is, therefore, the laplace transform of the residence 
time distribution.
In the event that no analytical expression can be 
found for the residence time distribution function a numerical 
method of solution is possible the result of which may be fitted 
with an analytical expression. This method of solution is 
however tedious and slow and an analytical solution is much to 
be preferred.
For an analytical solution an expression must be 
found for the residence time distribution function.. From the 
mass transfer study it was found that the residence time
-  9 0  -
distribution function was well approximated by the following 
expression : /
where
1 - 0 - ® ) 0
cr2 -  / c r
2
f ( d )  -    • • • • • • • •  S . 2
cr T \crs /
oo
T x  L ( I )  =  |  Je'b _ 1 . e “ 1:)0.e " 's e  4 0  . . . .  . 8 . 3
o
2 / V 2 /  I sk  ~  cr ' T ( -ps
b = . “g cr
Now L(l) =s 1 since I is a dirac delta function
oo
o
Now equation 8.4 is a gamma function :
T = i I  eb “ 1  e”(1)+s)® 46 . . . . .  . 8.2+
OO
r(z) e t . t2 ” 1  4t
o
put (b + s) 0 =
0 = and d 0 = Tbfe s
O O O 0 8,5
00
T
" k
b-l
o (b + s)
b-l
_ a*
or
C O
k
0
,b-l -</> . , e r d 9 . 0 0 0 0 0 0 6 • • 8 . 6
o
- .91 -
T = --7~I-Tf- r (b)
k(b+s)
A  Mb) ' r !t)
The transfer function T is therefore given by the following 
expression :
X
# 0 0 0 . 0 0 0 *  O • 9 0 e « O 8 » 7
cr (b+s)
-  92 -
T h e  e x p e r i m e n t s  x ^ e r e  c o n d u c t e d  t o  i n v e s t i g a t e  t h e  f a c t o r s  
e f f e c t i n g  t h e  p e r f o r m a n c e  o f  d i s t i l l a t i o n  a n d  a b s o r p t i o n  
c o l u m n s  *
P r e l i m i n a r y  s t u d i e s ,  m a i n l y  f o r  c a l i b r a t i o n  p u r p o s e s  w e r e  
p e r f o r m e d  d u r i n g  a n d  a f t e r  c o n s t r u c t i o n  o f  t h e  a p p a r a t u s *
T h e  e x p e r i m e n t a l  p r o g r a m m e  i s  c o n v e n i e n t l y  d i v i d e d  i n t o  
t h r e e  p h a s e s :
1 .  H y d r  o  d y n a m i  c  s  t u d y .
Z • M a s s  t r a n s f e r  s t u d y .
3 .  I n v e s t i g a t i o n  o f  t h e  l i q u i d  r e s i d e n c e - t i m e  d i s t r i b u t i o n  
a n d  t h e  e x t e n t  o f  l i q u i d  m i x i n g  o n  t h e  t r a y .
I n  t h e  p r e s e n t  w o r k  t h e  e x p e r i m e n t s  w e r e  l i m i t e d  t o  s i e v e  
t r a y s ;  s i e v e  t r a y s  w e r e  s e l e c t e d  b e c a u s e  o f  t h e i r  s i m p l i c i t y  
a n d  a l s o  b e c a u s e  t h e  d e g r e e  o f  a e r a t i o n  o n  a  s i e v e  t r a y  i s  
g r e a t e r  t h a n  o n  a  b u b b l e  c a p  t r a y .  T h u s ,  f r o m  t h e  p o i n t  o f  
v i e w  o f  h y d r o d y n a m i c  s t u d i e s  o f  f r o t h i n g  s y s t e m s ,  t h e y  a r e  m o r e  
s u i t a b l e  a s  t h e y  p r e s e n t  a  w o r s e  c a s e ,
1 .  H y d r o d y n a m i c  S t u d y
T h i s  s t u d y  i s  c o n c e r n e d  w i t h  t h e  a f f e c t  o f  o p e r a t i o n a l  
c o n d i t i o n s  a n d  c o l u m n  g e o m e t r y  o n  t h e  h y d r o d y n a m i c  b e h a v i o u r  o f  
t h e  a e r a t e d  l i q u i d  m a s s  f l o w i n g  a c r o s s  t h e  s i e v e  t r a y  a n d  t h r o u g h  
t h e  d o x ^ n c o m e r s .
T h e  g e o m e t r y  o f  t h e  c o l u m n  w a s  a l t e r e d  b y  u s i n g  a  s e r i e s  
o f  d i f f e r e n t  d o w n c o m e r  w i d t h s  a n d  w e i r  h e i g h t s .  A t t e m p t s  w e r e
CHAPTER IV
E x p e r i m e n t a l  Program m e
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m a d e  t o  s i m u l a t e  i n d u s t r i a l  c o n d i t i o n s  i n  t h e  c o l u m n  t h u s  l i q u i d  
f l o w  r a t e s  o f  u p  t o  3 S 0 0 0  g a l l o n s / h o u r  a n d  a i r  f l o w  r a t e s  o f  
1 4 0 0  c u *  f t * / m i n .  w e r e  p o s s i b l e *
T h e  f o l l o w i n g  m e a s u r e m e n t s  w e r e  m a d e : -
( 1 ) A i r  f l o w  r a t e .
( 2 ) L i q u i d  f l o w  r a t e .
( 3 ) D o w n c o m e r  w i d t h *
( 4 ) F r o t h  h e i g h t  0 1 1  s i e v e  t r a y  a n d  i n  d o w n c o m e r
( 5 ) D y n a m i c  h e a d  p r o f i l e  a c r o s s  s i e v e  t r a y .
( 6 ) C l e a r  l i q u i d  h e i g h t  i n  d o w n c o m e r .
( 7 ) P r e s s u r e  b u i l d - u p  i n  d o w n c o m e r .
( 8 ) H e a d  l o s s  i n  d o w n c o m e r .
2 •  M a s s  T r a n s f e r  S t u d y
T h e  h y d r o d y n a m i c  s t u d y  w a s  l i m i t e d  t o  t h e  s t u d y  o f  f l u i d
d y n a m i c s  o f  t h e  s i e v e  t r a y s  a n d  d o w n c o m e r s ,  n o  d i s t i l l a t i o n
s t u d i e s  o r  d e t e r m i n a t i o n s  o f  m a s s  t r a n s f e r  e f f i c i e n c i e s  w e r e
1 8
m a d e *  H o w e v e r ,  i t  h a s  b e e n  r e p o r t e d  b y  Z u i d e r w e g  t h a t  t h e  
m a s s  t r a n s f e r  p r o c e s s  c a n  h a v e  a n  a p p r e c i a b l e  a f f e c t  o n  t h e  
f r o t h i n g  t e n d e n c y  o f  l i q u i d s *  T h e  h y d r o d y n a m i c  s t u d y  w a s ,  
t h e r e f o r e ,  r e p e a t e d  i n  t h e  p r e s e n c e  o f  m a s s  t r a n s f e r .
A p a r t  f r o m  a n y  a f f e c t  o n  t h e  p h y s i c a l  p r o p e 3 ? t i e s  o f  t h e  
f r o t h i n g  l i q u i d  t h e  m a s s  t r a n s f e r  e x p e r i m e n t s  w e r e  o f  c o n s i d e r a b l e  
i m p o r t a n c e  i n  t h e i r  o w n  r i g h t .  M a s s  t r a n s f e r  s t u d i e s  w e r e  c o n ­
d u c t e d  o n  t h e  s i e v e  t r a y  a l o n e  a n d  a l s o  o n  t h e  c o m b i n e d  s i e v e  
t r a y  a n d  d o w n c o m e r  t o  s e e  t o  w h a t  e x t e n t  t h e  d o w n c o m e r  a f f e c t s  
t h e  m a s s  t r a n s f e r  p r o c e s s - ,
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T h e  g a s - l i q u i d  s y s t e m  c h o s e n  f o r  t h i s  s e r i e s  o f  e x p e r i m e n t s  
w a s  t h e  a i r - a q u e o u s  g l y c e r o l - o x y g e n  s y s t e m .  B e c a u s e  o f  t h e  l o w  
s o l u b i l i t y  o f  o x y g e n  i n  a q u e o u s  g l y c e r o l  s o l u t i o n s ,  t h i s  s y s t e m  
m a y  b e  r e g a r d e d  a s  e n t i r e l y  l i q u i d - p h a s e  c o n t r o l l i n g *  A  g a s  
p h a s e  c o n t r o l l e d  s y s t e m  c o u l d  e q u a l l y  w e l l  h a v e  b e e n  c h o s e n .
T h e  m e t h o d  o f  p r e d i c t i n g  t h e  p l a t e  e f f i c i e n c y  f o r  r e a l
s y s t e m s  b y  t h e  u s e  o f  s e p a r s - t e  d e t e r m i n a t i o n s  o f  t h e  a m o u n t  o f  
m a s s  t r a n s f e r  t a k i n g  p l a c e  i n  t h e  g a s  p h a s e  a n d  t h e  l i q u i d  p h a s e  
a p p e a r s  t o  b e  w e l l  e s t a b l i s h e d .  A n  a d v a n t a g e  o f  t h i s  t y p e  o f  
a n a l y s i s  i s  t h a t  a l t h o u g h  a b s o l u t e  v a l u e s  o f  p l a t e  e f f i c i e n c y  
a r e  n e e d e d  t o  e v a l u a t e  p l a n t  p e r f o r m a n c e  m a n y  v a r i a b l e s ,  s u c h  a s  
l i q u i d  f l o w  a n d  v a p o u r  f l o w  a r e  s o  i n t e x ' d e p e n d e n t  t h a t  a  f u n d a ­
m e n t a l  a n a l y s i s  o f  t h e  a f f e c t  o f  e a c h  v a r i a b l e  c a n n o t  b e  m a d e  
d i r e c t l y .
T h e  l i q u i d  m a s s  t r a n s f e r  e f f i c i e n c y  w a s  i n v e s t i g a t e d  a s  
a  f u n c t i o n  o f  l i q u i d  f l o w  r a t e ,  a i r  f l o w  r a t e  a n d  c o l u m n  g e o m e t r y *  
3 *  I n v e s t i g a t i o n  o f  F a c t o r s  a f f e c t i n g  l i q u i d  r e s i d e n c e - t i m e  a n d
t h e  e x t e n t  o f  l i q u i d  m i x i n g  i n  t h e  c o l u m n
L i q u i d  f l o w i n g  a c r o s s  a  d i s t i l l a t i o n  t r a y  w i l l  s e l d o m ,  i f  
e v e r ,  t r a v e l  f r o m  i n l e t  t o  o u t l e t  w i t h o u t  m i x i n g  i n  t h e  l o n g i ­
t u d i n a l  d i r e c t i o n .  U s u a l l y  m i x i n g  i s  i n c o m p l e t e  a n d  a  c o n c e n ­
t r a t i o n  g r a d i e n t  i n  t h e  l i q u i d  p h a s e  e n s u e s .  M i x i n g  o f  t h e  
l i q u i d  c a u s e s  s o m e  l i q u i d  t o  1‘e s i d e  o n  t h e  t r a y  f o r  p e r i o d s  
l o n g e r  a n d / o r  s h o r t e r  t h a n  t h e  t i m e  o f  r e s i d e n c e  o f  o t h e r  p o r t i o n s  
o f  l i q u i d .  T h e  p l a t e  e f f i c i e n c y  x ^ r i l l  b e  a f f e c t e d  b y  t h e  d i s t r i ­
b u t i o n  o f  t h e  l i q u i d  r e s i d e n c e  t i m e s  t h u s  p r o d u c e d .
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T h u s  k n o w l e d g e  o f  t h e  f a c t o r s  w h i c h  a f f e c t  t h e  l i q u i d  
r e s i d e n c e  t i m e  d i s t r i b u t i o n  a n d  t h u s  t h e  e x t e n t  o f  l i q u i d  m i x i n g  
i n  a  d i s t i l l a t i o n  c o l u m n  i s  g o i n g  t o  b e  o f  g r e a t  i m p o r t a n c e  i n  
p r e d i c t i n g  p l a n t  p e r f o r m a n c e .
T h e  l i q u i d  r e s i d e n c e  t i m e  d i s t r i b u t i o n  a n d  t h e  e x t e n t  o f  
l i q u i d  m i x i n g  w e r e  i n v e s t i g a t e d  a s  f u n c t i o n s  o f  l i q u i d  f l o w  r a t e ,  
a i r  f l o w  r a t e  a n d  c o l u m n  g e o m e t r y .
T h e  e x t e n t  o f  l i q u i d  m i x i n g  o n  d i s t i l l a t i o n  t r a y s  h a s  b e e n
1 7
c h a r a c t e r i s e d  b y  t h e  u s e  o f  a n  e d d y - d i f f u s i o n  c o n c e p t  b u t  i t  
w a s  f e l t  t h a t  w h i l e  t h i s  c o n c e p t  w a s  a d e q u a t e  f o r  d e s c r i b i n g  
n o r m a l  f l o w  c o n d i t i o n s  i t  c a n n o t  b e  s t r i c t l y  u s e d  t o  d e s c r i b e  
e x t r e m e  c a s e s  o f  f l o w  s u c h  a s  l i q u i d  b y - p a s s i n g  o r  d e a d  w a t e r  
r e g i o n s .  F o r  t h i s  r e a s o n  t h e  m o r e  g e n e r a l  r e s i d e n c e - t i m e  d i s t r i ­
b u t i o n  c o n c e p t  w a s  u s e d  t o  d e t e r m i n e  t h e  e x t e n t  o f  l i q u i d  m i x i n g  
i n  t h e  c o l u m n .
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FIGURE V -  1
C H A P T E R  V  
E x p e r i m e n t a l  A p p a r a t u s  
1 «  P r i m a r y  E q u i p m e n t
F i g u r e  V -  1 i n d i c a t e s  t h e  a p p e a r a n c e  o f  t h e  p r i m a r y  
e q u i p m e n t  a n d  t h e  g e n e r a l  l a y o u t  o f  t h e  a p p a r a t u s .  B e s i d e s  
t h e  c o l u m n  a n d  n e c e s s a r y  s u p p o r t i n g  e q u i p m e n t  t h e . a i r  a n d  
l i q u i d  s y s t e m s  a r e  a l s o  c o n s i d e r e d  a s  p r i m a r y  e q u i p m e n t .
1 . 1 ,  S i e v e  T r a y  D a t a
L e n g t h  o f  t h e  t r a y  =  3  f e e t ,  
w i d t h  o f  t h e  t r a y  =  1 f o o t .
T r a y  t h i c k n e s s  . = 0 . 1 1 2  i n c h e s .
D i a m e t e r  o f  p e r f o r a t i o n s  =  0 . 1 2 5  i n c h e s .
P i t c h  o f  p e r f o r a t i o n s  =  0 * 3 7 5  i n c h  t r i a n g u l a r .
N u m b e r  o f  p e r f o r a t i o n s  =  1 0 8 0 .
A r e a  o f  t r a y  c o n t a i n i n g  p e r f o r a t e d  z o n e  =  1 3 . 2 5  i n c h e s  l o n g
x  1 0 . 1 2 5  i n c h e s  w i d e .
=  1 3 6 . 5  s q u a r e  i n c h e s .
I n l e t  c a l m i n g  s e c t i o n  =  4 . 5  i n c h e s .
O u t l e t  c a l m i n g  s e c t i o n  =  6 . 0  i n c h e s .
D i s t a n c e  b e t w e e n  l a s t  r o w  o f  p e r f o r a t i o n s  o n  c o l u m n
w a l l  =  0 . 8 7 5  i n c h e s .
D i s t a n c e  b e t w e e n  d o w n c o m e r  b a f f l e  a n d  o u t l e t  w e i r
=  2 4  i n c h e s .
T r a y  s p a c i n g  «  2 4  i n c h e s .
W e i r  h e i g h t s  =  3 * 0  i n c h e s  a n d  4 . 0  i n c h e s .  ,
L e n g th  o f  w e i r  = 12 i n c h e s .
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FIGURE V - 2
C O L U M N  I N  S E C T I O N
L e n g t h  o f  d o w n c o m e r  =  2 A  i n c h e s .
B r e a d t h  o f  t h e  d o w n c o m e r  ( i n s i d e )  =  1 1 . 2 5  i n c h e s .
F u l l  w i d t h  o f  t h e  d o w n c o m e r  ( i n s i d e )  =  5 * 0  i n c h e s .
F i r s t  r e d u c e d  w i d t h  o f  t h e  d o w n c o m e r  ( i n s i d e )  =  3 . 5  i n c h e s .  
• S e c o n d  r e d u c e d  w i d t h  o f  t h e  d o w n c o m e r  ( i n s i d e )  =  2 . 7 5  i n c h e s  
T h i r d  r e d u c e d  w i d t h  o f  t h e  d o w n c o m e r  ( i n s i d e )  =  1 „ 7 5  i n c h e s ,  
G a p  b e t w e e n  t r a y  a n d  d o w n c o m e r  e d g e  =  2 . 3 7 5  i n c h e s .
1 . 3  ■> C o l u m n
T h e  m a i n  a p p a r a t u s  s h o w n  d i a g r a m a t i c a l l y  i n  F i g u r e  V -  2  
c o n s i s t e d  o f  a  t w o  t r a y  s i e v e  p l a t e  c o 3 . u m n  o f  f l e x i b l e  d e s i g n
s o  t h a t  t r a y s ,  d o w n c o m e r s  a n d  w e i r s  c o u l d  b e  e a s i l y  c h a n g e d ,
A  s p e c i a l  f e a t u r e  o f  t h e  c o l u m n  w a s  t h e  e x t e r n a l  p e r s p e x  d o w n ­
c o m e r s  w h i c h  p e r m i t t e d  v i s u a l  o b s e r v a t i o n  o f  t h e  f r o t h i n g  l i q u i d  
f l o w i n g  i n  t h e  d o w n c o m e r .
T h e  l e n g t h  o f  t h e  c o l u m n  w a s  t h r e e  f e e t  a n d  t h e  w i d t h  
o n e  f o o t  g i v i n g  a  c r o s s - s e c t i o n a l  a r e a  o f  t h r e e  s q u a r e  f e e t .
T h e  c o l u m n  i t s e l f  c o n s i s t e d  o f  t h r e e  s t a i n l e s s  s t e e l  
b o x e s ,  e a c h  o f  w h i c h  w a s  f i t t e d  w i t h  a  l a r g e  p e r s p e x  w i n d o w  s o  
a s  t o  m a k e  t h e  t r a y s  a n d  d o w n c o m e r s  a c c e s s i b l e  a n d  t o  p e r m i t  
v i s u a l  o b s e r v a t i o n  o f  t h e  f r o t h i n g  l i q u i d .  T h e  l o w e r  b o x ,  w h i c h  
w a s  1  f o o t  3  i n c h e s  l o n g  b y  1  f o o t  w i d e  b y  1  f o o t  h i g h ,  s e r v e d  
a s  a  w i n d b o x ;  i t  w a s  f i t t e d  w i t h  a  p e r s p e x  w i n d o w  s o  t h a t  
w e e p i n g  f r o m  t h e  b o t t o m  p l a t e  c o u l d  b e  o b s e r v e d .  T h e  a i r
e n t e r e d  t h i s  b o x  v i a  a  6  i n c h  I . D .  p i p e .
1 .2 „  Downcome r  D a t a
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T h e  c e n t r a l  b o x ,  w h i c h  w a s  2  f e e t  h i g h  a n d  c o n t a i n e d  o n e  
s i e v e  t r a y  a t  t h e  t o p  a n d  t h e  o t h e r  a t  t h e  b o t t o m ,  w a s  d e s i g n e d  
i n  s u c h  a  w a y  t h a t  t h e  d o w n c o m e r  w a s  e x t e r n a l  a n d  c o u l d  b e  e a s i l y  
c h a n g e d  o r  a l t e r e d .  T h e  u p p e r  b o x  w a s  2 . 5  f e e t  h i g h ;  t h e  a i r  
l e f t  t h i s  b o x  b y  m e a n s  o f  a  6  i n c h  I . D ,  p i p e  w h i c h  w a s  c o v e r e d  
b y  a  w i r e  m e s h  t o  p r e v e n t  e x c e s s i v e  c a r r y  o v e r  o f  l i q u i d  b y  t h e  
a i r  i n t o  t h e  f a n .
1 . 4 *  Air S y s t e m
T h e  a i r  f l o w  w a s  p r o v i d e d  b y  a  , !S t u r f e v a n t 11 N o .  3 0  G V 7 / 3 0  
s i n g l e  i n l e t  1 -J  w i d t h  n a r r o w  p a t t e r n  h i g h  p r e s s u r e  f a n .  T h e  
f a n  w a s  d r i v e n  b y  a  2 0  h . p .  t o t a l l y  e n c l o s e d  s q u i r r e l  c a g e  m o t o r  
w o u n d  f o r  1 4 5 0  r . p . w . , 3  p h a s e ,  5 0  p e r i o d s  a n d  4 0 C / 4 4 0  v o l t s .
T h e  f a n  w a s  c a p a b l e  o f  h a n d l i n g  1 2 0 0  c u b i c  f e e t / m i n .  a g a i n s t  
4 2  i n c h e s  w . g .  w h e n  r u n n i n g  a t  2 9 0 0  r . p . m .  T h e  s t a r t e r  f o r  t h e  
f a n  w a s  o f  t h e  h a n d  o i D e r a t e d  s t a r  d e 3 _ t a  t y p e  f i t t e d  w i t h  n o  v o l t  
a n d  o v e r l o a d  r e l e a s e s  h a v i n g  t i m e  l a g s  a n d  a r r a n g e d  f o r  w a l l  
m o u n t i n g .
T h e  a i r  f r o m  t h e  f a n  e n t e r e d  t h e  a p p a r a t u s  v i a  a  6  i n c h
I . D .  g a l v a n i s e d  p i p e .  T h e  a i r  f l o w  r a t e  w a s  m e a s u r e d  i n  t h i s  
a i r  i n l e t  p i p e  b y  m e a n s  o f  a  S t a n d a r d  B r i t i s n  o r i f i c e  m e t e r  
3  i n c h e s  I . D .  u s i n g  D a n d  £  t a x > p ± n g s .  T h e  o r i f i c e  m e t e r  w a s  
d e s i g n e d  a c c o r d i n g  t o  t h e  s t a n d a r d s  l a i d  d o w n  i n  B . S . S .  1 0 4 2  
( 1 9 4 3 ) ?  w i t h  t h e  n e c e s s a r y  s t r a i g h t  l e n g t h s  o f  p i p e  o n  t h e  
u p s t r e a m  a n d  d o w n s t r e a m  s i d e s .
T h e  a i r ,  a f t e r  p a s s i n g  t h r o u g h  t h e  o r i f i c e  m e t e r ,  e n t e r e d  
t h e  w i n d b o x  o f  t h e  c o l u m n  a n d  a f t e r  p a s s i n g  t h r o u g h  t h e  p e r f o r a -
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t i o n s  a n d  l i q u i d  o n  e a c h  o f  t h e  t r a y s ,  p a s s e d  f r o m  t h e  c o l u m n  
v i a  a n o t h e r  6  i n c h  I . D .  p i p e .  I n  s o m e  o f  t h e  e x p e r i m e n t s  
r e - c i r c u l a t i o n  o f  t h e  a i r  w a s  r e q u i r e d  a n d  i n  t h e s e  c a s e s  t h e  
e x i t  p i p e  w a s  c o n n e c t e d  b a c k  i n t o  t h e  e n t r y  o f  t h e  f a n .  I n  
o t h e r  e x p e r i m e n t s  o n l y  o n c e - t h r o u g h  a i r  w a s  r e q u i r e d ,  i n  t h e s e  
c a s e s  t h e  e x i t  p i p e  w o r k  w a s  a r r a n g e d  t o  d i s c h a r g e  t h e  a i r  i n t o  
t h e  a t m o s p h e r e  a n d  t h e  f a n  a l l o w e d  t o  t a k e  i n  " f r e s h "  a i r .
P r o v i s i o n  w a s  m a d e  i n  t h e  p i p e w o r k  f o r  t h e  c o n t i n u o u s  
i n j e c t i o n  o f  s m a l l  q u a n t i t i e s  o f  l i v e  s t e a m  i n  a n  a t t e m p t  t o  
e n s u r e  c o n s t a n t  h u m i d i t y  o f  t h e  a i r  t h r o u g h o u t  t h e  a p p a r a t u s *
T h e  a i r  f l o w  r a t e  w a s  c o n t r o l l e d  b y  m e a n s  o f  a  g a t e  v a l v e  w h i c h  
w a s  c o n s t r u c t e d  i n  t h e  l a b o r a t o r y .  T h e  m o v e m e n t  o f  t h e  g a t e  
w a s  c o n t r o l l e d  b y  m e a n s  o f  a  v e r y  f i n e l y  t h r e a d e d  s c r e w  s o  t h a t  a  
v e r y  f i n e  a d j u s t m e n t  w a s  p o s s i b l e .  S i n c e  t h e  g a t e  v a l v e  w h e n  
n o t  f u l l y  o p e n  w o u l d  m a k e  t h e  a i r  f l o w  o n  o n e  s i d e  o f  t h e  p i p e ,  
i t  w a s  p l a c e d  i n  t h e  s u c t i o n  p i p e  t o  t h e  f a n ,
1 . 5 .  L i q u i d  S y s t e m
L i q u i d  w a s  p u m p e d  u p  f r o m  t h e  m a i n  h o l d i n g  t a n k s  b y  m e a n s  
o f  a  d o u b l e  h e l i c a l  g e a r  p u m p  t y p e  D H . 6 0  ( V a r l e y  F . M . C .  L t d . ) .
T h e  p u m p  w a s  d r i v e n  b y  a  f l a m e  a n d  e x p l o s i o n  p r o o f  m o t o r ,  c o n ­
t i n u o u s l y  r a t e d  t o  d e v e l o p  3  h . p .  w h e n  r u n n i n g  a t  a  s x ^ e e d  o f  
1 4 2 5  r . p . m .  a n d  w o u n d  f o r  a  s u p p l y  o f  4 0 0 / 4 4 0  v o l t s ,  3  p h a s e  a n d  
5 0  c y c l e s .  T h e  p u m p  h a d  a n  o u t p u t  o f  a p p r o x i m a t e l y  3 0 0 0  g . p . h .  
o f  w a t e r  w h e n  r u n n i n g  a t  a  s h a f t  s p e e d  o f  1 4 2 5  r . p . m .  a g a i n s t  a  
p r e s s u r e  f r o m  a l l  c a u s e s  o f  1 5  p . s . i . g .  L i q u i d  f r o m  t h e  p u m p
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f l o w e d  v i a  5 0  f t .  o f  2  i n c h  0 , D .  p i p i n g ,  t h r o u g h  a  r o t a m e t e r  
a n d  t h e n  i n t o  a n  o p e n  h e a d e r  t a n k  o n  t o p  o f  t h e  c o l u m n .  T h e  
l i q u i d  t h e n  p a s s e d  f r o m  t h e  h e a d e r  t a n k  v i a  a  3  i n c h  I , D C s t a i n ­
l e s s  s t e e l  p i p e  o n  t o  t h e  t o p  t r a y  o f  t h e  c o l u m n  w h e r e  i t  f l o w e d  
o v e r  t h e  i n l e t  w e i r  a n d  c a l m i n g  s e c t i o n  a n d  p a s s e d  o v e r  t h e  
p e r f o r a t e d  z o n e  a n d  f i n a l l y  d i s c h a r g e d  i n t o  t h e  t o p  d o w n c o m e r  
v i a  t h e  o u t l e t  c a l m i n g  z o n e  a n d  w e i r .  F r o m  t h e  t o p  d o w n c o m e r  
t h e  l i q u i d  p a s s e d  o n  t o  t h e  b o t t o m  t r a y ,  w h i c h  w a s  i d e n t i c a l  
w i t h  t h e  t o p  t r a y ,  a n d  t h e n  d i s c h a r g e d  i n t o  t h e  b o t t o m  d o w n c o m e r .  
T h e  l i q u i d  p a s s e d  f r o m  t h e  l o w e r  d o w n c o m e r  i n t o  a  s e r i e s  o f  
h o l d i n g  t a n k s  w h e r e  e n t r a i n e d  a i r  b u b b l e s  d i s e n g a g e d .  F i n a l l y  
t h e  l i q u i d  f l o w e d  b a c k  i n t o  t h e  m a i n  h o l d i n g  t a n k s  f r o m  w h i c h  i t  
w a s  r e - c i r c u l a t e d .
L i q u i d  f l o w  r a t e  w a s  c o n t r o l l e d  b y  m e a n s  o f  a  b y - p a s s  
v a l v e  a n d  t h e  f l o w  r a t e  w a s  m e a s u r e d  b y  m e a n s  o f  a  r o t a m e t e r  
u s i n g  a  s t a i n l e s s  s t e e l  f l o a t ,
2 .  M i s c e l l a n e o u s  E q u i p m e n t
F o r  c o n v e n i e n c e  a l l  e q u i p m e n t  n o t  e s s e n t i a l  f o r  t h e  
o p e r a t i o n  o f  t h e  m a i n  c o l u m n  w i l l  b e  c o n s i d e r e d  i n  t h i s  s e c t i o n ,
2 , 1 ,  M e a s u r e m e n t  o f  D y n a m i c  H e a d  a n d  P r e s s u r e  D r o p
D r y  p r e s s u r e  d r o p  a n d  w e t  p r e s s u r e  d r o p  m e a s u r e m e n t s  w e r e  
m a d e  u s i n g  w a t e r  m a n o m e t e r s ,  o n e  l e g  o f  w h i c h  w a s  i n s e r t e d  f l u s h  
i n  t h e  w a l l  b e l o w  a n d  t h e  o t h e r  i n  t h e  w a l l  a b o v e  t h e  u p p e r  s i e v e  
t r a y .
T h e  p r e s s u r e  b u i l d  u p  i n  t h e  d o w n c o m e r  w a s  a l s o  m e a s u r e d
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u s i n g  a  w a t e r  m a n o m e t e r ,  o n e  l e g  b e i n g  c o n n e c t e d  t o  t h e  v a p o u r  
s p a c e  a b o v e  t h e  u p p e r  t r a y  a n d  t h e  o t h e r  t o  t h e  v a p o u r  s p a c e  
w i t h i n  t h e  u p p e r  d o w n c o m e r *
D y n a m i c  h e a d  p r o f i l e s  w e r e  o b t a i n e d  b y  u s i n g  a  s e r i e s  o f  
m a n o m e t e r s  a l o n g  t h e  l e n g t h  o f  t h e  t r a y .  T h e  m a n o m e t e r s  h a d  
o n e  l e g  f l u s h  w i t h  t h e  f l o o r  o f  t h e  t r a y  a n d  t h e  o t h e r  - p r o j e c t i n g  
i n t o  t h e  v a p o u r  s p a c e  a b o v e  t h e  t r a y .  D y n a m i c  h e a d  m e a s u r e m e n t s  
w e r e  m a d e  i n  t h e  u p p e r  d o w n c o m e r  a n d  a t  t h e  e n t r a n c e  t o  t h e  l o w e r  
t r a y  u s i n g  s i m i l a r  m a n o m e t e r s .  F o r  t h e  d y n a m i c  h e a d  p r o f i l e s  
t h e  s a m p l e  p o i n t s  w e r e  l o c a t e d  a t  t h e  f o l l o w i n g  f r a c t i o n s  o f  t h e  
t r a y  l e n g t h .
S a m p l e  p o i n t :  1 2  3  4  5  6  7
F r a c t i o n  o f
t r a y  l e n g t h :  0 , 1 9  0 . 2 9  O . 3 9  0 . 4 9  O . 5 7  0 . 6 6  . 0 , 7 4
2 . 2 .  M a s s  T r a n s f e r  E q u i p m e n t
T h e  m a s s  t r a n s f e r  o c c u r r i n g  i n  t h e  c o l u m n  w a s  t h e  s t r i p p i n g
o u t  o f  d i s s o l v e d  o x y g e n  i n  t h e  l i q u i d  b y  p a s s i n g  a  s t r e a m  o f  a i r  
b u b b l e s  t h r o u g h  t h e  l i q u i d  a s  i t  p a s s e s  o v e r  t h e  s i e v e  t r a y  a n d  
d o w n  t h r o u g h  t h e .  d o w n c o m e r .  T h e  e q u i p m e n t  c o n c e r n e d  w i t h  t h e
m e a s u r e m e n t  o f  m a s s  t r a n s f e r  m a y  b e  d i v i d e d  i n t o  t h r e e  s e c t i o n s :
1 .  O x y g e n  i n j e c t i o n .
2 .  L i q u i d  s a m p l i n g ,
3 .  M e a s u r e m e n t  o f  o x y g e n  c o n c e n t r a t i o n .
1 .  O x y g e n  i n j e c t i o n
S i n c e  o x y g e n  i s  v e r y  i n s o l u b l e  i n  e i t h e r  w a t e r  o r  a n  
a q u e o u s  g l y c e r o l  s o l u t i o n ,  t h e  m a i n  p r o b l e m  a s s o c i a t e d  w i t h  t h i s
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s y s t e m  c e n t r e s  a r o u n d  g e t t i n g  s u f f i c i e n t  o x y g e n  d i s s o l v e d  i n  t h e  
l i q u i d  b e f o r e  i t  r e a c h e s  t h e  t r a y .  I f  i n s u f f i c i e n t  o x y g e n  i s  
d i s s o l v e d  t h e  a c c u r a c y  o f  t h e  m a s s  t r a n s f e r  r e s u l t s  c o u l d  w e l l  
b e  p o o r .  F o r  t h i s  r e a s o n  c a r e  w a s  t a k e n  t o  e n s u r e  t h a t  t h e  
o x y g e n  w a s  e f f i c i e n t l y  d i s p e r s e d  i n  t h e  l i q u i d  a n d  t h e  p i p e w o r k  
w a s  d e s i g n e d  t o  g i v e  a  l o n g  o x y g e n - l i q u i d  c o n t a c t  t i m e .
O x y g e n  f r o m  a  h i g h  p r e s s u r e  c y l i n d e r  w a s  f e d ,  v i a  a  
r e d u c i n g  v a l v e  a n d  a  g a s  r o t a m e t e r ,  t o  a  p o r o u s  c e r a m i c  d i f f u s e r  
w h i c h  w a s  l o c a t e d  i n  t h e  p i p e l i n e  b e t w e e n  t h e  m a i n  h o l d i n g  t a n k s  
a n d  t h e  w a t e r  p u m p .  T h e  d i f f u s e r  i t s e l f  g a v e  a n  e f f i c i e n t  
d i s p e r s i o n  o f  t h e  o x y g e n  b u b b l e s  w i t h i n  t h e  l i q u i d  s t r e a m ,  
h o w e v e r ,  t h e  d i s p e r s i o n  w a s  f u r t h e r  i n c r e a s e d  b y  p a s s i n g  t h e  
o x y g e n - l i q u i d  m i x t u r e  t h r o u g h  t h e  w a t e r  p u m p , .  F r o m  t h e  w a t e r  
p u m p  t h e  l i q u i d  p a s s e d  t h r o u g h  5 0  f e e t  o f  2  i n c h  I . D .  p i p e
b e f o r e  b e i n g  d i s c h a r g e d  i n t o  a n  o p e n  h e a d e r  t a n k  o n  t o p  o f  t h e
c o l u m n .  T h e  o p e n  t a n k  w a s  f i t t e d  w i t h  f l o w  b a f f l e s  a n d  i t s  
f u n c t i o n  w a s  t o  e n a b l e  a n y  d i s s o l v e d  o x y g e n  b u b b l e s  t o  d i s e n g a g e  
f r o m  t h e  l i q u i d .
P r e l i m i n a r y  e x p e r i m e n t s  w e r e  u n d e r t a k e n  t o  d e t e r m i n e  t h e  
o p t i m u m  r a t e  o f  o x y g e n  i n j e c t i o n  i n t o  t h e  l i q u i d  s t r e a m .
2 •  L i q u i d  S a m p l i n g
T h e  e x p e r i m e n t a l  p r o g r a m m e  r e q u i r e d  k n o w l e d g e  o f  t h e  
o x y g e n  c o n c e n t r a t i o n  o f  t h e  l i q u i d  o f  t h e  t r a y  i n l e t  a n d  e x i t ,  
a n d  a l s o  o f  t h e  l i q u i d  l e a v i n g  t h e  t o p  d o w n c o m e r .  F o r  t h e  
p a r t i c u l a r  o x y g e n  a n a l y s i n g  t e c h n i q u e  a d o p t e d  f o r  t h e  e x p e r i m e n t s  
a  c o n t i n u o u s  c l e a r  l i q u i d  s a m p l e  w a s  r e q u i r e d .
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FIGURE V - 5 
GAS BUBBLE SEPARATOR
CLEAR LIQUID SAMPLE
Scale: Approximately full size.
I t  i s  c l e a r l y  n o t  p o s s i b l e  t o  w i t h d r a w  s u c h  a  s a m p l e  
d i r e c t l y  f r o m  a  d i s t i l l a t i o n  c o l u m n .  T h e  p o s i t i o n  w a s  c o m p l i ­
c a t e d  f u r t h e r  b y  t h e  f a c t  t h a t  i n  t h e  c o l u m n  u s e d  f o r  t h e  
e x p e r i m e n t s  t h e  a b s o l u t e  p r e s s u r e  a b o v e  t h e  l i q u i d  o n  t h e  t r a y  
u n d e r  i n v e s t i g a t i o n  w a s  b e l o w  a t m o s p h e r i c , t h u s  t h e  l i q u i d  
s a m p l e  w o u l d  n o t  f l o w  f r o m  t h e  t r a y  u n d e r  t h e  a c t i o n  o f  g r a v i t y .
S e v e r a l  s a m p l i n g  t e c h n i q u e s  w e r e  t r i e d  b e f o r e  t h e  o n e  
f i n a l l y  a d o p t e d  w a s  u s e d .  T h e  a e r a t e d  l i q u i d  s a m p l e  w a s  c o n ­
t i n u o u s l y  w i t h d r a w n  f r o m  t h e  t r a y  a t  t h e  p o i n t  u n d e r  i n v e s t i g a t i o n  
i n t o  a  b u b b l e - s e p a r a t i n g  d e v i c e  i n  w h i c h  a  s l i g h t  v a c u u m  w a s  
m a i n t a i n e d .  T h e  b u b b l e  s e p a r a t o r  i s  s h o w n  d i s g r a m a t i c a l l y  i n  
F i g u r e  V -  3 »  T h e  c l e a r  l i q u i d  s a m p l e  f l o w s  v i a  a n  o x y g e n  
d e t e c t i o n  c e l l  t o  a  l a r g e  r e s e r v o i r  w h i c h  i s  m a i n t a i n e d  u n d e r  a  
s l i g h t  v a c u u m ,  t h e  d i s e n t r a i n e d  a i r  l i n e  a l s o  l e a d s  d i r e c t l y  t o  
t h e  s a m e  r e s e r v o i r .  T h e  f u n c t i o n  o f  t h e  s e p a r a t o r  i s  n o w  c l e a r ,  
t h e  a e r a t e d  l i q u i d  s a m p l e  e n t e r s  t h e  s e p a r a t o r  a n d  t h e  a i r  
q u i c k l y  d i s e n g a g e s  f r o m  t h e  l i q u i d  a n d  r i s e s  t o  t h e  t o p  o f  t h e  
s e p a r a t o r  a n d  f l o w s  v i a  t h e  a i r  l i n e  t o  t h e  s e p a r a t o r .  B e c a u s e  
o f  t h e  s l i g h t  v a c u u m  i n  t h e  r e s e r v o i r ,  c l e a r  l i q u i d  f l o w s  u p  t h e  
l i q u i d  l i n e ,  t h r o u g h  t h e  o x y g e n  d e t e c t i o n  c e l l  a n d  i n t o  t h e  
r e s e r v o i r .  R e s t r i c t i o n  v a l v e s  w e r e  l o c a t e d  i n  e a c h  o f  t h e  f l o w  
l i n e s ,  c a r e f u l  c o n t r o l  o f  t h e s e  v a l v e s  e n a b l e d  t h e  c l e a r  l i q u i d  
l e v e l  i n  t h e  s e p a r a t o r s  t o  b e  m a i n t a i n e d  a t  t h e  t h r e e - q u a r t e r  
f u l l  m a r k  t h u s  e n s u r i n g  a  c o n t i n u o u s  c l e a r  l i q u i d  s a m p l e  f o r  
t h e  o x y g e n  d e t e c t o r .
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T h r e e  s u c h  c o m p l e t e  u n i t s  w e r e  e m p l o y e d  i n  t h e  e x p e r i ­
m e n t a l  r u n s  a n d  t h e  t h r e e  l a r g e  r e s e r v o i r s  w e r e  i n t e r c o n n e c t e d  
t o  g i v e  t h e  s a m e  u n i f o r m  l i q u i d  s a m p l e  r a t e  t h r o u g h  e a c h  d e t e c t o r .  
3 9 M e a s u r e m e n t  o f  O x y g e n  C o n c e n t r a t i o n
T h e  u s u a l  t e c h n i q u e  o f  m e a s u r i n g  o x y g e n  c o n c e n t r a t i o n  
l e v e l s  i n  a n  a i r - w a t e r  s i m u l a t o r  h a s  b e e n  t o  w i t h d r a w  s e v e r a l  
d i s c r e t e  l i q u i d  s a m p l e s  f r o m  a  g i v e n  p o i n t  a n d  t o  a n a l y s e  f o r  
o x y g e n  c h e m i c a l l y ,  t h e  r e s u l t s  w e r e  t h e n  a v e r a g e d  t o  g i v e  t h e  
o x y g e n  c o n c e n t r a t i o n  a t  t h e  p o i n t .  T h i s  t e c h n i q u e  s u f f e r s  f r o m  
t w o  d i s a d v a n t a g e s , t h e  a c t u a l  c h e m i c a l  a n a l y s i s  i t s e l f  i s  
t e d i o u s  a n d  s l o w  a n d  a l s o  v e r y  m a n y  s a m p l e s  m a y  h a v e  t o  b e  t a k e n  
b e f o r e  i t  c a n  b e  e s t a b l i s h e d  t h a t  s t e a d y  s t a t e  c o n d i t i o n s  h a v e  
b e e n  r e a c h e d  o n  t h e  t r a y .  I t  w a s  d e c i d e d ,  i n  v i e w  o f  t h e  
n u m b e r  o f  e x p e r i m e n t a l  r u n s  t o  b e  u n d e r t a k e n ,  t o  a t t e m p t  t o  
f i n d  a  c o n t i n u o u s  m e t h o d  o f  a n a l y s i s  o f  o x y g e n  c o n c e n t r a t i o n  o f .  
t h e  l i q u i d  o n  t h e  t r a y  a t  a n y  p o i n t .  E n q u i r i e s  s o o n  s h o w e d  
t h a t  n o  s u c h  m e t h o d  w a s  a v a i l a b l e  c o m m e r c i a l l y , h o w e v e r  i t  w a s  
e s t a b l i s h e d  t h a t  t h e  C a m b r i d g e  I n s t r u m e n t  R e s e a r c h  C o m p a n y  w e r e  
w o r k i n g  o n  t h e  d e v e l o p m e n t  o f  a  c o n t i n u o u s  o x y g e n  d e t e c t i o n  u n i t .  
• S u f f i c i e n t  w o r k  h a d  a l r e a d y  b e e n  c a r r i e d  o u t  t o  e s t a b l i s h  t h e  
a c c u r a c y  o f  t h e  o x y g e n  c e l l s  a n d  a l s o  t h e i r  s t a b i l i t y  o v e r  a  
p e r i o d  o f  w e e k s .  T h r e e  o f  t h e  o x y g e n  d e t e c t i o n  u n i t s  w e r e  
o b t a i n e d  o n  i n d e f i n i t e  l o a n  f r o m  t h e  C a m b r i d g e  I n s t r u m e n t  D e p a r t ­
m e n t  ,
T h e  t h r e e  o x y g e n  c e l l s  w e r e  c o n n e c t e d  i n t o  t h e  l i q u i d  
s a m p l i n g  c i r c u i t  i n  t h e  m a n n e r  o u t l i n e d  i n  t h e  p r e v i o u s  s e c t i o n .
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FIGURE V -  4
O x y g e n  D e t e c t i o n  C e l l
F I G U R E  V  -  5
E L E C T R I C A L  C I R C U I T  F O R
oxYgen Detection cells
F i g u r e  V -  4  i s  a  p h o t o g r a p h  o f  o n e  o f  t h e  o x y g e n  d e t e c t i o n  u n i t s  
T h e  e l e c t r i c a l  c i r c u i t  a s s o c i a t e d  w i t h  t h e  t h r e e  o x y g e n  
d e t e c t i o n  u n i t s  w a s  a r r a n g e d  i n  t h e  m a n n e r  i n d i c a t e d  i n  F i g u r e  
V  -  5 *  A  c e l l ,  w h i c h  c o n s i s t e d  e s s e n t i a l l y  o f  a  p a i r  o f  s i l v e r  
a n d  g o l d  e l e c t r o d e s  b e t w e e n  w h i c h  t h e  f l u i d  t o  b e  t e s t e d  p a s s e d ,  
w a s  a c t i v i a t e d  b y  a  1 . 5  v o l t  b a t t e r y .  T h e  e l e c t r i c a l  c u r r e n t  . 
p a s s i n g  t h r o u g h  t h e  o x y g e n  c e l l  w a s  f o u n d  t o  b e  d i r e c t l y  p r o p o r ­
t i o n a l  t o  t h e  o x y g e n  c o n c e n t r a t i o n  o f  t h e  f l u i d  p a s s i n g  t h r o u g h ,  
t h e  c e l l . .  T h e  p o t e n t i a l  a c r o s s  t h e  r e s i s t a n c e s  i n  s e r i e s  w i t h  
t h e  c e l l s  w h i c h  r e s u l t s  f r o m  t h e  f l o w  o f  c u r r e n t  w a s  f e d  v i a  
v a r i a b l e  r e s i s t a n c e s  t o  a  m u l t i p o i n t  s t r i p  r e c o r d e r ®  T h e  , 
v a r i a b l e  r e s i s t a n c e s  w e r e  i n s t a l l e d  i n  t h e  c i r c u i t  t o  e n a b l e  a  
f u l l - s c a l e  d e f l e c t i o n  t o  b e  o b t a i n e d  w h a t e v e r  t h e  o x y g e n  c o n c e n ­
t r a t i o n  l e v e l  o f  t h e  s a m p l e s .
2 . 3 .  R e s i d e n c e - T i m e  M e a s u r in g  E q u ip m e n t
F i g u r e  V -  6  r e p r e s e n t s  t h e  f i n a l  l a y o u t  o f  t h e  r e s i d e n c e -  
t i m e  m e a s u r i n g  e q u i p m e n t .  A s  f a r  a s  t i m e  a n d  f i n a n c e ,  w o u l d  
p e r m i t ,  t h e  r e s i d e n c e - t i m e  m e a s u r i n g  e q u i p m e n t  w a s  d e s i g n e d  s o  
t h a t  t h e  s o u r c e s  o f  e r r o r  w o u l d  b e  e l i m i n a t e d .
. T h e  d i s t r i b u t i o n  o f  r e s i d e n c e  t i m e s  o f  a  s t e a d y  f l o w  s y s t e m  
i s  f o u n d  b y  d e t e r m i n i n g  t h e  t i m e  o f  p a s s a g e  o f  a  t r a c e r  m a t e r i a l  
i n j e c t e d  a t  t h e  i n l e t ,  a n d  h a v r n g  p r e c i s e l y  t h e  s a m e  f l o w  
b e h a v i o u r  a s  t h e  n o n - t r a c e r  m a t e r i a l .
T h e  r e s i d e n c e - t i m e  m e a s u r i n g  e q x i i p m e n t  a n d . p o s s i b l e  s o u r c e s  
o f  e r r o r  w i l l  b e  c o n s i d e r e d  u n d e r  t h e  t h r e e  f o l l o w i n g  s e c t i o n s : - '
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( a )  S y s t e m  a n d  c h o i c e  o f  t r a c e r *
( b )  M e a s u r e m e n t  a n d  c h o i c e  o f  i n l e t  s i g n a l ,
( c )  M e a s u r e m e n t  o f  o u t l e t  s i g n a l .
( a )  S y s t e m  a n d  T r a c e r
S e r i o u s  e r r o r s  w i l l  r e s u l t  i f  t h e  f l o w  c o n d i t i o n s  w i t h i n
t h e  s y s t e m  a r e  n o t  i n  a  s t e a d y  s t a t e ,  f o r  e x a m p l e ,  r e l a t i o n s  
— . y
s u c h  a s  t  =  / v  a p p l y  o n l y  t o  s t e a d y  s t a t e  c o n d i t i o n s .  F o r  
s y s t e m s  w h e r e  t h e  f l o w  r a t e  f l u c t u a t e s  a b o u t  a n  i n v a r i e n t  m e a n  
v a l u e  a v e r a g i n g  o f  a  n u m b e r  c f  d u p l i c a t e  d e t e r m i n a t i o n s  h a s  b e e n  
s u g g e s t e d ,  h o w e v e r  c a r e  i s  r e q u i r e d  i n  t h e  a v e r a g i n g  t e c h n i q u e  
s i n c e  d i e  r e s i d e n c e - t i m e  v a r i e s  i n v e r s e l y  w i t h  t h e  f l o w  r a t e .
S i n c e  t h e  b e h a v i o u r  o f  t h e  t r a c e r  m a t e r i a l  i n  t h e  s y s t e m  
i s  t a k e n  t o  b e  r e p r e s e n t a t i v e  o f  t h e  n o r m a l  b e h a v i o u r  o f  t h e  n o n ­
t r a c e r  m a t e r i a l ,  i t  i s  e s s e n t i a l  t h a t ,  w i t h i n  t h e  s y s t e m ,  t h e  
t r a c e r  a n d  n o n - t r a c e r  m a t e r i a l s  h a v e  i d e n t i c a l  f l o w  p r o p e r t i e s .  
S i m i l a r l y  t h e  t r a c e r  m a t e r i a l  m u s t  b e  c o m p l e t e l y  m i s e i b l e  w i t h  
t h e  n o n - t r a c e r  a n d  s h o u l d  n o t  b e  d i f f e r e n t i a l l y  a d s o r b e d ,  r e a c t e d  
o r  r e t a i n e d  i n  t h e  s y s t e m .  T h e  t r a c e r  u s e d  t h r o u g h o u t  t h e  
e x p e r i m e n t  w a s  a  c o n c e n t r a t e d  s o l u t i o n  o f  t h e  d y e  , fN ± g r o s i n e M i n  
w a t e r ,  " N i g r o s i n e ”  i s  a  v e r y  i n t e n s e ,  a l m o s t  b l a c k 9 d y e ,  w h i c h  
i s  h i g h l y  s o l u b l e  i r .  w a t e r  a n d  i s  s o  m a r k e d l y  h y d r o p h i l l i c  t h a t  
o t h e r  m a t e r i a l s  a r e  n o t  l i k e l y  t o  b e  s t a i n e d  b y  i t s  s o l u t i o n .
I t  i s  r e p o r t e d  t o  b e  d e t e c t a b l e  b y  e y e  o r  p h o t o c e l l  a t  a  d i l u t i o n
o f  1 5 0  p a r t s / m i l l i o n  i n  w a t e r *
6 .  i n l e t  S i g n a l
I t  i s  u s u a l ,  t o  s i m p l i f y  t h e  m a t h e m a t i c a l  a n a l y s i s  o f  t h e
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r e s u l t s ,  t o  a s s u m e . a n  i n l e t  s i g n a l  o f  a n  i d e a l i s e d  s i m p l e  f o r m .
T h q  m o . s t  c o m m o n  f p r m s  o f  . i n l e t  s i g n a l  u t i l i s e d  a r p  t h e  p u l s e ,  
t h e  s t e p  a n d  t h e  s i n u s o i d a l  v a r i a t i o n .  H o w e v e r ,  i t  i s  i m p o r t a n t  
t o  r e a l i s e  t h a t ,  d u e  t o  e x p e r i m e n t a l  l i m i t a t i o n s ,  t h e  i n l e t  
s i g n a l  i s  s e l d o m  o f  t h e  i d e a l i s e d  f o r m .
F o r  a n  i d e a l  s t e p  c h a n g e  t h e  i n l e t  c o n c e n t r a t i o n  o f  t r a c e r  
s h o u l d  c h a n g e  i n s t a n t a n e o u s l y  f r o m  o n e  s t e a d y  s t a t e  v a l u e  t o  
a n o t h e r .  A n  i d e a l  p u l s e  m a y  b e  c o n s i d e r e d  t o  b e  t w o  i n s t a n ­
t a n e o u s  s t e p  c h a n g e s  a n  i n f i n i t e s i m a l  t i m e  i n t e r v a l  a p a r t ,  a  
s i t u a t i o n  w h i c h  i s  i m p o s s i b l e  t o  o b t a i n  i n  p r a c t i c e .  H o w e v e r ,  
p r o v i d e d  t h e  f o l l o w i n g  r e l a t i o n  h o l d s  t h e n  a n y  e r r o r  i n v o l v e d  i s  
g e n e r a l l y  h e l d  t o  b e  w i t h i n  a c c e p t a b l e  l i m i t s .
At* | < 0.05
W h e r e & t  i s  t h e  t i m e  t h r o u g h  w h i c h  t h e  i n l e t  s i g n a l  l a s t s .  I n  
t h e  s y s t e m  f i n a l l y  a d o p t e d  a  p u l s e  o f  t r a c e r  w a s  i n j e c t e d  a s  a  
t i m e  d e p e n d e n t  c o n c e n t r a t i o n  o f  t r a c e r  i n t o  t h e  f l o w i n g  l i q u i d .
T h e  t r a c e r  i n j e c t i o n  p o i n t s  w e r e  l o c a t e d  i m m e d i a t e l y  p r o c e e d i n g  
t h e  i n l e t  w e i r  t o  t h e  s i e v e  t r a y  u n d e r  i n v e s t i g a t i o n .  T h e  w a v e  
f o r m  u s e d  ( s t e p  f u n c t i o n  o r  s q u a r e  p u l s e )  w a s  g e n e r a t e d  u s i n g  a  
V e n n e r  E l e c t r o n i c  T i m i n g  U n i t .  T h e  e l e c t r i c a l  s i g n a l  w a s  a p p l i e d  
t o  a  m a g n e t i c a l l y  o p e r a t e d  v a l v e  ( T e d d i n g t o n  S o l e n o i d  V a l v e )  
w h i c h  c o n t r o l l e d  t h e  f l o w  o f  t r a c e r  f r o m  a  p r e s s u r i s e d  s u p p l y  
v e s s e l  t o  t h e  a p p a r a t u s .
T h e  t i m i n g  u n i t  w a s  s o  w i r e d  t h a t  t h e  e l e c t r i c a l  s i g n a l  
w h i c h  o p e r a t e d  t h e  s o l e n o i d  v a l v e  a l s o  o p e r a t e d  a  r e l a y  w h i c h  
d e f l e c t e d  o n e  o f  t h e  t r a c e s  o n  t h e  r e c o r d e r .  F r o m  t h i s  t r a c e
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t h e  t i m e  a t  w h i c h  t h e  i n j e c t i o n  c o m m e n c e d ,  c o u l d  b e  l o c a t e d  v e r y  
a c c u r a t e l y .
T h e  p r e s s u r e  t o  t h e  t r a c e r  s u p p l y  v e s s e l  w a s  o b t a i n e d  f r o m  
a  c o m p r e s s e d  a i r  c y l i n d e r ,  • ** •
T h e  a m o u n t  o f  t r a c e r  i n j e c t e d  i n  a n y  o n e  r u n  c o u l d  b e  
v a r i e d  b y  a d j u s t i n g  t h e  l e n g t h  o f  t i m e  f o r  w h i c h  t h e  s o l e n o i d  
v a l v e  i s  o p e n  o r  b y  c o n t r o l  o f  t h e  r e d u c i n g  v a l v e  o n  t h e  a i r  
c y l i n d e r .  H o w e v e r ,  c a r e  w a s  a l w a y s  t a k e n  t o  e n s u r e  t h a t  t h e  
r e l a t i o n  a b o v e  i n v o l v i n g  £ > t  w a s  a l w a y s  m a i n t a i n e d .
T h e  p r i m e  p r e r e q u i s i t e  o f  t h e  t r a c e r  m e t h o d  o f  d e t e r m i n i n g  
r e s i d e n c e - t i m e  d i s t r i b u t i o n s  o f  f l o w  s y s t e m s  i s  t h a t  t h e  s i g n a l  
b e  d i s t r i b u t e d  a c r o s s  t h e  s y s t e m  i n l e t .  T h a t  i s ,  e v e r y  e l e m e n t  
o f  f l u i d  e n t e r i n g  a t  t h e  i n l e t  c r o s s - s e c t i o n  a t  a  c e r t a i n  i n s t a n t  
i n  t i m e  s h o u l d  h a v e  t h e  s a m e  t r a c e r  c o n c e n t r a t i o n .  I n  p r a c t i c e  
t h i s  c o n d i t i o n  w a s  a p p r o x i m a t e d  t o  b y  u s i n g  t h r e e  i n j e c t i o n  p o i n t s  
s i m u l t a n e o u s l y ,  A  p r e s s u r e  s e n s i t i v e  S c h a r a d e r  v a l v e  w a s  f i t t e d  
t o  t h e  e n d s  o f  t h e  t r a c e r  i n j e c t i o n  t u b e s  t o  p r e v e n t  l e a k a g e  o n  t o  
t h e  t r a y  o f  t h e  t r a c e r  w h i c h  r e m a i n s  i n  t h e  s u p p l y  t u b e  a t  t h e  
e n d  o f  t h e  i n j e c t i o n  p u l s e .
( c ) O u t l e t  S i g n a l
T h e  v a r i a t i o n  w i t h  t i m e  o f  t h e  r e l a t i v e  t r a c e r  c o n c e n t r a ­
t i o n  i n  t h e  f l u i d  l e a v i n g  t h e  s y s t e m  i s  t e r m e d  t h e  o u t l e t  s i g n a l .  
T h e  p u r p o s e  o f  a n y  d e t e c t o r  i s  t o  m e a s u r e  t h i s  s i g n a l  w i t h o u t  
e r r o r  i n  e i t h e r  c o n c e n t i * a t i o n  o r  t i m e .  S e v e r a l  t e c h n i q u e s  w e r e  
c o n s i d e r e d ,  t h u s  m e a s u r e m e n t s  m a y  b e  m a d e  o n  a  s a m p l e  p o r t i o n  o f
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t h o  f l u i d  s t r e a m ,  t a k e n  t o  b e  r e p r e s e n t a t i v e  o f  t h e  t o t a l ,  o r  o n  
t h e  t o t a l  f l u i d  s t r e a m  i t s e l f .  T h e  d e t e c t o r  m a y  b e  i n s e r t e d  i n  
t h e  f l u i d  o r  a t  t h e  o u t l e t  t o  r e c o r d  t h e  t r a c e r  c o n t e n t  o f  t h e  
f l u i d  a s  i t  p a s s e s ,  o r  a l t e r n a t i v e l y ,  f l u i d  m a y  b e  t a k e n  t o  t h e  
d e t e c t o r  e i t h e r  c o n t i n u o u s l y  o r  a s  d i s c r e t e  s a m p l e s .
C o n t i n u o u s  s a m p l i n g  m e t h o d s  a r e  t o  b e  p r e f e r r e d  t o  t h e  
m e t h o d  o f  t a l c i n g  d i s c r e t e  s a m p l e s  o v e r  a  f i n i t e  i n t e r v a l  o f  t i m e  
s i n c e  e r r o r s  m a y  r e s u l t  f r o m  t h e  u s e  o f  t h e  a v e r a g e  c o m p o s i t i o n  
o v e r  t h a t  t i m e  i n t e r v a l .
W i t h  c o n t i n u o u s  s a m p l i n g  m e t h o d s  t h e  c h o i c e  m u s t  b e  m a d e  
w h e t h e r  t o  a n a l y s e  t h e  f l u i d  s t r e a m  i n t e r n a l l y  o r  e x t e r n a l l y .
W i t h  e x t e r n a l  a n a l y s i s  t h r e e  p o s s i b l e  s o u r c e s  o f  e r r o r  m a y  a r i s e ;
1 .  T h e  s a m p l i n g  t e c h n i q u e  m a y  n o t  g i v e  a  r e p r e s e n t a t i v e  
s a m p l e *
2 .  T h e  r a t e  o f  s a m p l i n g  a t  a n y  p o i n t  m u s t  b e  p r o p o r t i o n a l  
t o  t h e  f l u i d  v e l o c i t y  a t  t h a t  p o i n t .
3 *  I f  a  c o n t i n u o u s  s a m p l e  i s  t a k e n  a n y  d i s t a n c e  t h r o u g h  
s a m p l i n g  l i n e s ,  t h e  o u t l e t  s i g n a l  m a y  b e  a l t e r e d  b y
t h e  t i m e  o f  p a s s a g e  a n d  t h e  m i x i n g  o f  f l u i d  i n  t h e
l i n e s .
I n t e r n a l  d e t e c t i o n  o v e r  t h e  w h o l e  o f  t h e  o u t l e t  w i l l  m i n i m i s e  
t h e  e r r o r s  o u t l i n e d ,  h o w e v e r ,  i n  t h i s  c a s e  a  f u r t h e r  e r r o r  w i l l
a r i s e  f r o m  t h e  d i s t u r b a n c e  o f  t h e  f l o w  c h a r a c t e r i s t i c s  d u e  t o  t h e
a c t u a l  p r e s e n c e  o f  t h e  d e t e c t o r .  A l s o  t h e  o u t l e t  s i g n a l  d e t e c t e d  
w i l l  d e p e n d  u p o n  t h e  i n t e r n a l  r e s i d e n c e - t i m e  d i s t r i b u t i o n  w i t h i n  
t h e  d e t e c t o r ,
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FIGURE V -  7
o n e k'orm o f  th e  y e  D e t e c t i o n  U n i t
F o r  e a s e  a n d  r a p i d i t y  o f  a n a l y s i s ,  u s u a l l y  s o m e  p h y s i c a l  
‘p r o p e r t y  d e p e n d e n t  u p o n  t r a c e r  c o n c e n t r a t i o n  i s  m e a s u r e d  i n s t e a d  
o f  t h e  a c t u a l  c o n c e n t r a t i o n ,  T h u s  t h e r e  s h o u l d  e x i s t  a  u n i q u e  
r e l a t i o n  b e t w e e n  t h e  m e a s u r e d  p r o p e r t y  a n d  t h e  t r a c e r  c o n c e n t r a ­
t i o n .  A  l i n e a r  r e l a t i o n  i s  t o  b e  p r e f e r r e d  s i n c e  t h e  m e a s u r e ­
m e n t  i s  t h e n  a  d i r e c t  r e c o r d  o f  t h e  o u t l e t  s i g n a l  a n d  c a l i b r a t i o n  
c o r r e c t i o n s  a r e  n o t  r e q u i r e d .  F o r  s o m e  p r o p e r t i e s  m e a s u r e d ,  
t h e  m e a s u r e m e n t  d e p e n d s  n o t  o n l y  o n  t h e  t r a c e r  c o n c e n t r a t i o n  b u t  
a l s o  o n  t h e  a c t u a l  d i s t r i b u t i o n  o f  t r a c e r  i n  t h e  d e t e c t o r .  
R a d i o a c t i v e  a n d  s p e c i f i c  c o n d u c t i v i t y  m e a s u r e m e n t s  a r e  p a r t i c u l a r l y  
p r o n e  t o  e r r o r s  o f  t h i s  n a t u r e .  M e a s u r e m e n t s  b a s e d  o n  l i g h t  
a b s o r p t i o n  a r e  n o t  d e x o e n d e n t  u p o n  t r a c e r  d i s t r i b u t i o n  w i t h i n  t h e  
d e t e c t o r *
A f t e r  c a r e f u l  c o n s i d e r a t i o n  o f  a l l  t h e  p o s s i b l e  m e t h o d s  o f  
m e a s u r i n g  t h e  o u t l e t  s i g n a l ,  i t  w a s  d e c i d e d  t h a t  t h e  m o s t  e f f i ­
c i e n t  a n d  a c c u r a t e  w o u l d  b e  t o  a n a l y s e  t h e  l i q u i d  c o n t i n u o u s l y  
f o r  t r a c e r  u s i n g  a n  i n t e r n a l  d e t e c t o r .  A s  m e n t i o n e d  p r e v i o u s l y  
a  l i g h t  a b s o r p t i o n  t e c h n i q u e  w a s  a d o p t e d  u s i n g  t h e  d y e  " N i g r o s i n e "  
a s  t h e  t r a c e r  m a t e r i a l .
A  n u m b e r  o f  d e t e c t i n g  s y s t e m s  w e r e  c o n s i d e r e d  i n c l u d i n g  t h e  
u s e  o f  f i b r e  l i g h t  g u i d e s  a n d  r i g i d  l i g h t  g u i d e s ,  h o w e v e r ,  a f t e r  
d i s c u s s i o n  a n d  s e v e r a l  p r e l i m i n a r y  e x p e r i m e n t s  i t  w a s  d e c i d e d  t o  
a d o p t  a  c o m p l e t e l y  s u b m e r g e d  s y s t e m .
F i g u r e  V -  7  i s  a  p h o t o g r a p h  o f  o n e  f o r m  o f  t h e  d e t e c t o r  
u n i t ,  i t  c o n s i s t e d  e s s e n t i a l l y  o f  t w o  w a t e r - t i g h t  r e c t a n g u l a r  
p r i s m s  m a d e  f r o m  b r a s s ,  O n e  p r i s m  c o n t a i n e d  t h e  p h o t o c e l l  a n d
F I G U R E  V  -  8
BALANCE UNIT
Power source for
photo cell
t h e  o t h e r  t h e  l i g h t  s o u r c e .  I n  o n e  s i d e  o f  e a c h  p r i s m  w a s  
l o c a t e d  a  g l a s s  w i n d o w ,  s o  a r r a n g e d  t h a t  w h e n  t h e  d e t e c t o r  u n i t  
w a s  a s s e m b l e d  t h e y  f a c e d  e a c h  o t h e r .  C o r r e s p o n d i n g  p o r t i o n s  o f  
e a c h  w i n d o w  w e r e  " b l a c k e d  o u t "  l e a v i n g  o n l y  a. s m a l l  p o r t i o n  o f  
e a c h  w i n d o w  c l e a r  o r  " a c t i v e "  f o r  t h e  l i g h t  b e a m  t o  p a s s  t h r o u g h .  
T h e  r e m a i n d e r  o f  t h e  . c e l l  c o n s i s t e d  o f  a  b a f f l e  t o  d i v e r t  p a r t  o f  
t h e  l i q u i d  s t r e a m  i n t o  t h e  d e t e c t o r  c e l l ,  a n  u n d e r f l o w  w e i r  t o  
c o n v e y  t h e  l i q u i d  p a s t  t h e  a c t i v e  p a r t  o f  t h e  p h o t o c e l l  w i n d o w  
a n d  a n  u p r i g h t  w e i r  t o  e n s u r e  t h a t  t h e  a c t i v e  p a r t  o f  t h e  p h o t o ­
c e l l  w i n d o w  w a s  a l w a y s  s u b m e r g e d .
T h e  d e t e c t o r  u n i t  w a s  d e s i g n e d  s o  t h a t  w i t h  s l i g h t  m o d i f i c a '  
t i o n  i t  c o u l d  b e  l o c a t e d  e i t h e r  a t  t h e  e x i t  t o  t h e  s i e v e  t r a y  o r  
a t  t h e  e x i t  o f  t h e  d o w n c o m e r .  T h e  d e t e c t o r  u n i t  w a s  a b l e  t o  
s a m p l e  t h e  l i q u i d  s t r e a m  o v e r  t h e  c e n t r a l  n i n e  i n c h e s  o f  t h e  
t w e l y e  i n c h  w i d e  t r a y  u s e d  i n  t h e  e x p e r i m e n t s .
The light source to activate the photocell was a 12 volt,
2 1  w a t t  b u l b  w h i c h  w a s  p o w e r e d  f r o m  a  s t a b i l i s e d  s o u r c e .  P r e ­
l i m i n a r y  e x p e r i m e n t s  s h o w e d  t h a t  a i r  c o o l i n g  o f  t h e  l i g h t  b u l b  
w i t h i n  i t s  p r i s m  w a s  u n n e c e s s a r y  p r o v i d e d  t h e  l i q u i d  w a s  f l o w i n g  
o v e r  t h e  p r i s m ,
A  M u l l a r d  9 0  AV p h o t o c e l l  w a s  u s e d  i n  a l l  t h e  r e s i d e n c e ­
t i m e  e x p e r i m e n t s .  T h e  o u t p u t  o f  t h e  p h o t o c e l l  . w a s  b a l a n c e d  
u n d e r  t h e  c o n d i t i o n s  o f  n o  d y e  i n  t h e  o u t f l o w i n g  l i q u i d  a g a i n s t  a  
p o t e n t i o m e t e r  f e d  b y  t h e  s a m e  p o w e r  s u p p l y .  T h e  b a l a n c i n g  u n i t  
c i r c u i t  i s  s h o w n  i n  F i g u r e  V -  8 .  T h e '  p o w e r  s o u r c e  f o r  t h e  
p h o t o c e l l  w a s  t w o  9 0  v o l t  b a t t e r i e s ,  h o w e v e r ,  t h e  a c t u a l  v o l t a g e
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t o  t h e  p H o - f c o c e l l  i s  c o n t r o l l e d  b y  t h e  r e s i s t a n c e ,  R ^ , a n d  i s  
m e a s u r e d  b y  t h e  v o l t m e t e r , V .  T h e  v o l t a g e  t o  b a l a n c e  t h e  s t a n ­
d i n g  v o l t a g e  o n  t h e  l o a d  r e s i s t o r  i s  s u p p l i e d  b y  t h e  r e s i s t o r ,
T h e  o u t  o f  b a l a n c e  s i g n a l ,  w h i c h  w a s  t h u s  a  f u n c t i o n  o f  
t h e  o b s c u r a t i o n  o f  t h e  d y e ,  w a s  t a k e n  t h r o u g h  a  h i g h  i m p e d e n c e  
v a l v e  v o l t m e t e r  a n d  d i s p l a y e d  o n  a  h i g h  s p e e d  r e c o r d e r .  T h e  
v a l v e  v o l t m e t e r  c i r c u i t  i s  s h o w n  i n  F i g u r e  V -  9  a n d  c o n s i s t s  
e s s e n t i a l l y  o f  a  p a i r  o f  E F  8 6  v a l v e s  ( V ^  a n d  )  a r r a n g e d  a s  a  
d i f f e r e n t i a l  a m p l i f i e r  i n  t h e  l o n g - t a i l e d  p a i r  t y p e  o f  c i r c u i t  
a n d  d i r e c t l y  c o u p l e d  t o  a  p u s h - p u l l  c a t h o d e  f o l l o w e r  1 2 A T 7  v a l v e ,  
T h e  o u t p u t  f r o m  t h e  p r e - a m p l i f i e r  w a s  - t h e n - t a k e n ' t o  a  h i g h  
s p e e d  r e c o r d e r .
T h e  r e c o r d e r  u s e d  i n  t h e  e x p e r i m e n t s  w a s  a  p e n  o s c i l l o g r a p h  
t y p e  M 4 4 2 C  m a d e  b y  S o u t h e r n  I n s t r u m e n t s  L t d .  C o u p l e d  w i t h  t h e  
r e c o r d e r  w e r e  . t w o  M R 5 1 2  P e n  A m p l i f i e r s .  E a c h ,  a m p l i f i e r  c o n ­
t r o l l e d  a  t r a c e r  p e n  e a c h  o f  w h i c h  c o v e r e d  a  t r a c k  o n  a  t w i n -  
t r a c k  r e c o r d e r  c h a r t .  N o m i n a l  c h a r t  s p e e d s  o f  1 ,  5 ?  2 5  a n d
m m / s e c o n d  w e r e  p o s s i b l e  u s i n g  t h i s  r e c o r d e r .  P r e l i m i n a r y  . 
e x p e r i m e n t s  s h o w e d  t h a t  a  c h a r t  s p e e d  c o r r e s p o n d i n g  t o  t h e  s e t t i n g  
2 5  m m / s e c o n d  w a s  t h e  m o s t  s u i t a b l e  f o r  t h e  s y s t e m  u n d e r  i n v e s t i ­
g a t i o n .  D u r i n g  t h e  e x p e r i m e n t s  t h e  s p e e d  o f  t r a v e l  o f  t h e  
r e c o r d e r  c h a r t  x v a s  c h e c k e d  a g a i n s t  a  b u i l t - i n  t i m e  c a l i b r a t o r  i n  
t h e  r e c o r d e r . ' .
A s  t h e  s y s t e m  w a s  c a p a b l e  o f  d e t e c t i n g  g a s  b u b b l e s  i n  t h e  
l i q u i d  s t r e a m  a s  w e l l  a s  d y e  i t  w a s  n e c e s s a r y  t o  i n c o r p o r a t e  a  
b u b b l e  f i l t e r  i n  t h e  d e s i g n  o f  t h e  c e l l .  * T h e  f i l t e r  t o o k  t h e
-  113 -
f o r m  o f  a  f i n e  m e t a l  gauze w h i c h  p r e v e n t e d  t h e  m a j o r i t y  o f  t h e  
e n t r a i n e d  a i r  w h i l e  a t  t h e  s a m e  t i m e  a l l o w i n g  f r e e  p a s s a g e  o f  
l i q u i d  i n t o  t h e  c e l l .  -
-  114 -
FIGURE VI - 1 
CALIBRATION OF LIQUID ROTAMETER
ROTAMETER READING
1 . 1 ,  C a l i b r a t i o n  o f  L i q u i d  R o t a m e t e r
T h e  l i q u i d  r o t a m e t e r  w a s  c a l i b r a t e d  f o r  t h e  a q u e o u s  
g l y c e r o l  s o l u t i o n  b y  c o l l e c t i n g  t h e  f l o w i n g  l i q u i d - f o r  a  g i v e n  
r o t a m e t e r  r e a d i n g  a n d  n o t i n g  t h e  t i m e  f o r  c o l l e c t i o n  o f  a  g i v e n  
v o l u m e .  F i g u r e  VX -  1 g i v e s  t h e  c a l i b r a t i o n  c u r v e  f o r  t h e  
r o t a m e t e r .
1 . 2  S p e c i f i c  G r a v i t y  o f  A q u e o u s  G l y c e r o l  S o l u t i o n
T h e  s p e c i f i c  g r a v i t y  o f  t h e  a q u e o u s  g l y c e r o l  s o l u t i o n s  
u s e d  i n  t h e  e x p e r i m e n t s  w a s  d e t e r m i n e d  u s i n g  a  s p e c i f i c  g r a v i t y  
b o t t l e  a n d  c h e m i c a l  b a l a n c e  t e c h n i q u e .
1 . 3  C a l i b r a t i o n  o f  D y e  D e t e c t i o n  U n i t
A s  o u t l i n e d  i n  C h a p t e r  V ,  f o r  e a s e  a n d  r a p i d i t y  o f  a n a l y s t
a  p h y s i c a l  p r o p e r t y  o f  t h e  l i q u i d  d e p e n d e n t  u p o n  t r a c e r  c o n c e n ­
t r a t i o n  w a s  m e a s u r e d  i n s t e a d  o f  t h e  a c t u a l  c o n c e n t r a t i o n .  T h e  
p a r t i c u l a r  p h y s i c a l  p r o p e r t y  m e a . s u r e d  w a s  t h e  e x t e n t  o f  o b s c u r a ­
t i o n  o f f e r e d  t o  a  l i g h t  s o u r c e  b y  t h e  p r e s e n c e  o f  d y e  i n  t h e
l i q u i d .  P r e l i m i n a r y  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  t o  e s t a b l i s h
t h e  r e l a t i o n  b e t w e e n  t h e  e x t e n t  o f  o b s c u r a t i o n  a n d  t h e  t r a c e r  
c o n c e n t r a t i o n .  , T h e  r e s p o n s e  o f  t h e  d e t e c t o r  w a s  c a l i b r a t e d  b y  
n o t i n g  t h e  r e s p o n s e  t o  a  s e r i e s  o f  s o l u t i o n s  o f  k n o w n  d y e  c o n e e n  
t r a t i o n s .  I t  w a s  f o u n d  t h a t  o v e r  a  c o n s i d e r a b l e  r a n g e  o f  d y e  
c o n c e n t r a t i o n s  t h e  r e s p o n s e  o f  t h e  p h o t o  c e l l  w a s  l i n e a r .  • T h u s  
p r o v i d e d  t h a t  t h e  m a x i m u m  c o n c e n t r a t i o n  o f  d y e  i n  t h e  l i q u i d
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T E M P E R A T U R E  ° C
p a s s i n g  t h r o u g h  t h e  d e t e c t o r  w a s  m a i n t a i n e d  w i t h i n  t h e  l i n e a r  
r a n g e  t h e n  t h e  r e c o r d e r  t r a c e  c o u l d  b e  t a k e n  a s  a  d i r e c t  r e c o r d  
o f  t h e  o u t l e t  s i g n a l  a n d  t h u s  c a l i b r a t i o n  c o r r e c t i o n s  a r e  n o t  
r e q u i r e d ,
1 .  A .  T e m p e r a t u r e  C o e f f i c i e n t  o f  O x y g e n  C e l l
T h e  o u t p u t ,  o f  t h e  o x y g e n  d e t e c t i o n  c e l l  w a s  k n o w n  t o  b e  a  
f u n c t i o n  o f  s a m p l e  t e m p e r a t u r e  a s  w e l l  a s  t h e  o x y g e n  c o n c e n t r a t i o n  
o f  t h e  s a m p l e .  F o r  a  g i v e n  o x y g e n  c o n c e n t r a t i o n  t h e  o u t p u t  o f  
t h e  c e l l  w a s  f o u n d  t o  i n c r e a s e  w i t h  i n c r e a s e  i n  t h e  f l u i d  s a m p l e  
t e m p e r a t u r e .  T h u s  i n  o r d e r  t o  s e p a r a t e  t h e  e f f e c t  o f  t h e  t w o  
v a r i a b l e s ,  p r e l i m i n a r y  e x p e r i m e n t s  w e r e  u n d e r t a k e n  t o  e s t a b l i s h  
t h e  r e l a t i o n  b e t w e e n  c e l l  o u t p u t  a n d  s a m p l e  t e m p e r a t u r e .
A i r  w a s  c h o s e n  a s  t h e  s t a n d a r d  f l u i d  b e c a u s e  t h i s  f l u i d  
h a s  a  c o n s t a n t  o x y g e n  c o n t e n t  w h a t e v e r  t h e  t e m p e r a t u r e .  A i r  
a t  a  s e r i e s  o f  d i f f e r e n t  c o n s t a n t  t e m p e r a t u r e s  w a s  p a s s e d  t h r o u g h  
t h e  o x y g e n  d e t e c t i o n  c e l l  a n d  t h e  c o r r e s p o n d i n g  c e l l  o u t p u t ,  
w h i c h  w a s  d i s p l a y e d  o n  a  s t r i p  r e c o r d e r ,  w a s  n o t e d .
T h e  e l e c t r i c a l  c i r c u i t  w a s  s o  a r r a n g e d  t h a t  t h e  s t r i p  
r e c o r d e r  g a v e  a  f u l l  s c a l e  d e f l e c t i o n  ( 1 0 0  d i v i s i o n )  f o r  a n  
o u t p u t  o f  3 * 5  m i c r o  a m p s ,
T h i s  p r o c e d u r e  w a s  r e p e a t e d  f o r  b o t h  i n c r e a s i n g  a n d  
d e c r e a s i n g  t e m p e r a t u r e s *
T h e  r e s u l t i n g  c o r r e l a t i o n  i s  s h o w n  i n  F i g u r e  V I  -  2 ,  
w h i c h  s h o w s  a  l i n e a r  i n c r e a s e  i n  o u t p u t  w i t h  i n c r e a s e  i n  t e m p e r a t u r e  
f o r  a  g i v e n  o x y g e n  c o n c e n t r a t i o n  l e v e l .  T h e  t e m p e r a t u r e
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c o e f f i c i e n t  f o r  t h e  c e l l  i s  t h e n  o b t a i n e d  f r o m  t h e  s l o p e  o f
2  Q
t h e  l i n e  a s  3 * 9 2  x  1 0* “ m i c r o  a m p s .  /  C .
1 . 5  C a l i b r a t i o n  o f  A i r  F l o w  M a n o m e t e r
A  s t a n d a r d  B r i t i s h  o r i f i c e  m e t e r  3  i n c h  I . D .  w i t h  D a n d
D
/ 2  t a p p i n g s  w a s  i n s t a l l e d  i n  t h e  6  i n c h  I . D .  d e l i v e r y  p i p e  t o  
m e a s u r e  t h e  a i r  f l o w  r a t e  i n t o  t h e  c o l u m n .  T h e  f o l l o w i n g  o r i f i c e  
c a l c u l a t i o n  w a s  t h e n  u s e d  t o  d e t e r m i n e  t h e  a i r  f l o w  r a t e  f r o m  t h e  
p r e s s u r e  d r o p  r e a d i n g  a c r o s s  t h e  o r i f i c e ;
A s s u m e  a n  a v e r a g e  a i r  t e m p e r a t u r e  o f  3 3 ° C  a n d  p r e s s u r e  o f  
1 4 . 1 8  l b s . / s q ,  i n c h .  A i r  d e n s i t y  i s  t h e r e f o r e  0 , 0 6 3 3  l b / f t . ^  
b y  B e r n o u l l i ;
V  — _________ 1__________ / 2 g  I I  o o » o  o o  o o  o o  a t  t  > 1  |
W h e r e  v  =  T h e  v e l o c i t y  o f  g a s  i n  t h e  o r i f i c e  f t . / s e c ,
m s= T h e  r a t i o  o f  o r i f i c e  t o  d u c t  a r e a s ,  d i m e n s i o n l e s s .
g  ~  T h e  a c c e l e r a t i o n  d u e  t o  g r a v i t y ,  f t .  / s e c .
H =  T h e  p r e s s u r e  d r o p  a c r o s s  t h e  o r i f i c e ,  f t ,  o f  f l u i d
f l o w i n g .
A s s u m i n g  a  p r e s s u r e  d r o p  a c r o s s  t h e  o r i f i c e  o f  h  i n c h e s  w a t e r ,  
e q u a t i o n  1 m a y  b e  r e - w r i t t e n
v  =  1 /  2 g .  5 . 2  h
0 . 9 6 7  ^  0 . 0 6 3 5
N o w  f r o m  B . B ,  t a b l e s ,  t h e  c o e f f i c i e n t  o f  d i s c h a r g e  m a y  b e  t a k e n  
a s  0 , 6 0 7 ,  t h e r e f o r e
V o l u m e  f l o w  r a t e  »  0 . 6 0 7  x  8 , 0 4  x  9 * 0 6  x  0 , 0 ^ 9  \ / h ~
O . 9 6 7
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FIGURE VI - 3 
CALIBRATION OF AIR FLOW MANOMETER
AIR FLOW RATE (cu, ft/min.)
" o r  V o l u m e  f l o w  r a t e  =  2 . 2 A  x  6 0  % h  f t * ^ / m i n *
T h u s  f o r  a  p r e s s u r e  d r o p  v a l u e  o f  5  i n c h e s  w . g . ,  t h e  e q u i v a l e n t
a i r  f l o w  r a t e  =  2 . 2 A  x  6 0  x  =  3 0 0  f t . ^ / m i n .
F i g u r e  V I  -  3  i s *  t h e  c a l i b r a t i o n  c u r v e  f o r  t h e  a i r  f l o w  
r a t e  b a s e d  o n  t h e  a b o v e  c a l c u l a t i o n s .
1 . 6  D r y  P r e s s u r e  D r o p
F r o m  a  s t u d y  o f  t h e  p u b l i s h e d  l i t e r a t u r e  i t  i s  e v i d e n t  
t h a t  t h e  t o t a l  p r e s s u r e  d r o p  a c r o s s  a  s i e v e  t r a y  i s  m a d e  t i p  o f  
s e v e r a l  c o m p o n e n t s ,  o n e  o f  w h i c h  i s  t h e  d r y  p r e s s u r e  d r o p .  T h e  
d r y  p r e s s u r e  d r o p  r e s u l t s  f r o m  t h e  e n e r g y  l o s s  i n c u r r e d  b y  t h e  
g a s  i n  c o n t r a c t i n g  a n d  e x p a n d i n g  t o  p a s s  t h r o u g h  t h e  p e r f o r a t i o n s  
o f  t h e  s i e v e  t r a y .
T h e  d r y  p r e s s u r e  d r o p  f o r  t h e  s i e v e  t r a y  u s e d  i n  a l l  t h e  -  
e x p e r i m e n t s  w a s  i n v e s t i g a t e d  a s  a  f u n c t i o n  o f  t h e  g a s  f l o w  r a t e .  
T o  e n s u r e  t h a t  a l l  t h e  a i x '  d e l i v e r e d  f r o m  t h e  f a n ’ w o u l d . a c t u a l l y  
p a s s  t h r o u g h  t h e  p e r f o r a t i o n s  a l l  t h e  d o w n c o m e r s  i n  t h e  c o l u m n
w e r e  b l o c k e d  o f f  u s i n g  s t i f f  f o a m  r u b b e r  i n s e r t s .
T h e  d r y  p r e s s u r e  d r o p  a c r o s s  t h e  t r a y  w a s  u n e a s u r e d  u s i n g  
a  w a t e r  m a n o m e t e r ,  o n e  l e g  o f  w h i c h  w a s  o p e n  t o  t h e  g a s  s p a c e  
b e l o w  a n d  t h e  o t h e r  o p e n  t o  t h e  g a s  s p a c e  a b o v e  t h e  s i e v e  
t r a y  u n d e r  i n v e s t i g a t i o n . .
T h e  a i r  f l o w  r a t e  w a s  o b t a i n e d  f r o m  t h e  a i r  o r i f i c e  
p r e s s u r e  d r o p  u s i n g  t h e  c o r r e l a t i o n  d e v e l o p e d  i n  t h e  p r e v i o u s  
s e c t i o n .  .
T h e  t a b l e  o v e r l e a f  s u m m a r i s e s  t h e  r e s u l t s ,  t h e  s i g n i f i c a n c e
o f  w h ic h  a r e  d i s c u s s e d  i n  S e c t io n .  V II
O r i f i c e  
M a n o m e t e r  
. R e a d i n g  
( i n s .  w . g ,  )
A i r  F l o w  
R a t e  
( c u ,  f t / m i n . )
H o l e
V e l o c i t y
( f t / s e c . )
S q u a r e  o f  \ 
H o l e  V e l o c i t y
( f t / s e c . ) ^
D r y  P r e s s u r e  
D r o p  
( i n s  w , g . )
;  2 . 0 0 1 9 0 3 4 . 4 1 1 8 0 0 , 5 5  '•
3 . 1 5 2 3 7 4 3 . 0 1 8 4 5  . 0 . 8 5
a  15 2 7 4 4 9 , 7 2 4 6 0 1 .1 5
5 . 0 5 3 0 3 • 5 5 . 0 3 0 2 5 1 .3 3
6 . 1 3 3 3 6 6 1 . 0 3 7 1 0 1 . 6 2
7 . 1 8 3 6 2 6 5 . 7 4 3 0 0 1 . 8 8
8 . 1 3 3 8 5 7 0 , 0 4 9 0 0  / 2 . 1 3
8 . 9 0 4 o i 7 2 . 9 5 3 0 0 2 . 3 5
1 . 7  C a l i b r a t i o n  o f  D y n a m i c  H e a d  M a n o m e t e r s
T h e  m a n o m e t e r s  u s e d  t o  m e a s u r e  t h e  d y n a m i c  h e a d  o n  t h e .  
t r a y s  a n d  d o w n c o m e r s  c o n s i s t e d  o f  a  m a n o m e t e r ,  o n e  l e g  o f  w h i c h  
w a s  f l u s h  w i t h  t h e  t r a y  o r  d o w n c o m e r  f l o o r  a n d  t h e  o t h e r  w a s  
v e n t e d  i n t o  t h e  v a p o u r  s p a c e  a b o v e .  T h e  m a n o m e t e r s  t h u s  h a v e  
o n l y  o n e  l e g  a n d  a s  t h e y  w e r e  c o n s t r u c t e d  f r o m  r e l a t i v e l y  s m a l l  
b o r e  g l a s s  t u b e ,  i t  w a s  n e c e s s a r y  t o  m a k e  a  c o r r e c t i o n  f o r  t h e  
s u r f a c e  t e n s i o n  e f f e c t  o f  t h e  b o r e .  T h e  e x t e n t  o f  t h e : s u r f a c e  
t e n s i o n  e f f e c t  w a s  d e t e r m i n e d  f o r  e a c h  m a n o m e t e r  b y  p l a c i n g  i t  
v e r t i c a l l y  i n  a  v e s s e l  c o n t a i n i n g  t h e  l i q u i d  u s e d  i n  t h e  e x p e r i ­
m e n t s  a n d  n o t i n g  t h e  r i s e  i n  l e v e l  o f  t h e  l i q u i d  a b o v e  t h e  l e v e l  
o f  l i q u i d  i n  t h e  v e s s e l .
2 «  E x p e r i m e n t a l  P r o c e d u r e
T h e  e x p e r i m e n t a l  p r o c e d u r e  i s  o u t l i n e d  o v e r l e a f  f o r  e a c h
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2  * 3 H y d r o d y n a m i c  S t u d y
T h e  f a n  w a s  f i r s t  s w i t c h e d  o n  a n d  a i r  c i r c u l a t e d  t h r o u g h  
t h e  c o l u m n  b e f o r e  a n y  l i q u i d  w a s  p u m p e d  i n t o  t h e  c o l u m n .  D u e  
t o  t h e  w o r k  d o n e  b y  t h e  p u m p  a n d  t h e  f a n ,  t h e  t e m p e r a t u r e  o f  t h e  
w a t e r  a n d  a i r  r o s e  r a p i d l y  a t  f i r s t ,  h o w e v e r  t h e  r a t e  o f  i n c r e a s e  
t a i l e d  o f f  u n t i l  e v e n t u a l l y  t e m p e r a t u r e  w i t h i n  t h e  c o l u m n  r e m a i n e d  
s e n s i b l y  c o n s t a n t ,
A l l  a i r  b u b b l e s  w i t h i n  t h e  t u b e s  w e r e  c a r e f u l l y  r e m o v e d  
b e f o r e  t h e  d y n a m i c  h e a d  a n d  p r e s s u r e  d r o p  m e a s u r e m e n t s  w o r e  t a k e n .  
C o r r e c t i o n  f o r  t h e  s u r f a c e  t e n s i o n  e f f e c t  i n  t h e  s i n g l e  a r m  m a n o ­
m e t e r s  u s e d  i n  t h e  d y n a m i c  h e a d  m e a s u r e m e n t s  w a s  m a d o  d i r e c t l y ,  
2 , 2 *  L i q u i d  R e s i d e n c e - T i m e  S t u d y
T h e  a i r  a n d  l i q u i d  r a t e s  w e r e  s e t  a t  t h e  r e q u i r e d  v a l u e s  f o r  
a  s u f f i c i e n t  l e n g t h  o f  t i m e  t o  e n s u r e  s t e a d y  s t a t e  c o n d i t i o n s  
w i t h i n  t h e  c o l u m n .
F o r  e a c h  s e t  o f  c o n d i t i o n s  i n v e s t i g a t e d  t h e  o p t i m i u m  t r a c e r  
p u l s e  s i z e  w a s  o b t a i n e d  b y  a d j u s t m e n t  o f  e i t h e r  t h e  a i r  p r e s s u r e  
w i t h i n  t h e  t r a c e r  v e s s e l  o r  t h e  p e r i o d  o f  t i m e  f o x *  w h i c h  t h e  
s o l e n o i d  v a l v e  w a s  o p e n .  I n  o b t a i n i n g  a n  o p t i m i u m  p u l s e  s i z e  a  
b a l a n c e  h a d  t o  b e  s t r u c k  b e t w e e n  o b t a i n i n g  a n  o u t l e t  s i g n a l  o f  
s u f f i c i e n t  s t r e n g t h  s o  t h a t  i t  c o u l d  b e  r e c o r d e d  a c c u r a t e l y  a n d  
y e t  s t i l l  r e m a i n  w i t h i n  t h e  l i n e a r  r a n g e  o f  t h e  d e t e c t o r  c o r r e ­
l a t i o n  a n d  a l s o  i t  w a s  a l w a y s  b o r n e  i n  m i n d  t h a t  t h e  l e n g t h  o f  t h e  
p u l s e  m u s t  n e v e r  b e  g r e a t e r  t h a n  5% o f  t h e  m e a n  r e s i d e n c e  t i m e ,
o f  t i l e  t h r e e  i n v e s t i g a t i o n s  u n d e r t a l i e n ,
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F o r  e a c h  s e t  o f  c o n d i t i o n s  i n v e s t i g a t e d  t h r e e  i n j e c t i o n  t r i a l s  
w e r e  m a d e  a n d  t h e  r e s u l t s  a v e r a g e d  i n  t h e  m a n n e r  o u t l i n e d  i n  
S e c t i o n  I I I ,  I n  t h i s  m a n n e r  t h e .  l i q u i d  r e s i d e n c e  t i m e  w a s  
i n v e s t i g a t e d  a s  a  f u n c t i o n  o f  l i q u i d  a n d  a i r  f l o w  O S   ^ W 0  X 3? 
h e i g h t  a n d  d o w n c o m e r  w i d t h ,
2 . 3 .  M a s s  T r a n s f e r  S t u d y  ,
W i t h  c o n d i t i o n s  i n  t h e  c o l u m n  a d j u s t e d  t o  t h o s e  r e q u i r e d ,  
o x y g e n ,  a t  t h e  p r e d e t e r m i n e d  r a t e ,  w a s  i n j e c t e d  i n t o  t h e  l i q u i d  
s t r e a m .  L i q u i d  s a m p l e s  w e r e  c o n t i n u o u s l y  w i t h d r a w n  f r o m  t h e  
i n l e t  w e i r ,  t h e  o u t l e t  w e i r  a n d  f r o m  t h e  b o t t o m  o f  t h e  d o w n c o m e r  
t h r o u g h  t h e  b u b b l e  s e p a r a t o r  a n d  I n t o  t h e  o x y g e n  d e t e c t i o n  c e l l s .  
W h e n  t h r e e  c o n s t a n t  l e v e l  t r a c e s  w e r e  o b t a i n e d  t h e  c o l u m n  w a s  
a s s u m e d  t o  b e  i n  t h e  s t e a d y  s t a t e  c o n d i t i o n .  T h e  t h r e e  o x y g e n  
c o n c e n t r a t i o n  l e v e l s  w e r e  n o t e d  t o g e t h e r  w i t h  t h e  l i q u i d  s a m p l e  
t e m p e r a t u r e s .
U s i n g  t h i s  t e c h n i q u e  t h e  l i q u i d  m a s s  t r a n s f e r " e f f i c i e n c y  
w a s  i n v e s t i g a t e d  a s  a  f u n c t i o n  o f  a i r  f l o w  r a t e ,  l i q u i d -  f l o w  
r a t e  a n d  c o l u m n  g e o m e t r y .
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1 . A ,  T r a y
1 . A . 1 .  D r y  P r e s s u r e  D r o p
I t  i s  e v i d e n t  f r o m  t h e  s u r v e y  o f  p r e v i o u s  i n v e s t i g a t i o n s  
t h a t  p r o v i d e d  t h e  r a t i o  o f  t r a y  t h i c k n e s s  t o  h o l e  d i a m e t e r  i s  
o f  t h e  o r d e r  o f  u n i t y  t h e n  t h e  d r y  p r e s s u r e  d r o p  d a t a  s h o u l d  b e  
w e l l  c o r r e l a t e d  b y  t h e  g e n e r a l  o r i f i c e  e q u a t i o n : -
D0  =  CD p s f w fap p ]  5    * ‘ 1 , 1
( ?ir1 2  }
W h e r e  =  V e l o c i t y  o f  g a s  t h r o u g h  p e r f o r a t i o n s  f t . / s e c .
C-^ =  D i s c h a r g e  c o e f f i c i e n t  f o r  t h e  p e r f o r a t i o n s  i n  t r a y ,
g  =  A c c e l e r a t i o n  d u e  t o  g r a v i t y  f t . / s e c ,  * .. •
h . p p  D r y  p r e s s u r e  d r o p  t h r o u g h  t h e  p e r f o r a t i o n s  i n s . l i q .  
a n d  ^  a r e  t h e  d e n s i t i e s  o f  w a t e r  a n d  g a s  r e s p e c ­
t i v e l y ,  l b , / f t .  ,
T h e  t r a y  t h i c k n e s s  t o  h o l e  d i a m e t e r  r a t i o  f o r  t h e  t r a y  u s e d  i n  
a l l  t h e  e x p e r i m e n t s  i s  0 . 9 *  I t  w a s ,  t h e r e f o r e ,  d e c i d e d  t o  
a t t e m p t  t o  c o r r e l a t e  t h e  d r y  p r e s s u r e  d a t a  b y  a n  e q u a t i o n  o f '■ 
t h e  t y p e  1 . 1 .  S q u a r i n g  b o t h  s i d e s  o f  e q u a t i o n  1 , 1  g i v e s : -
U°  = Cd 2 f / w h PP  ■’ ■■ * ’    1 *2 ’
I f  e q u a t i o n  H 1  i s  t o  b e  u s e d  t o  c o r r e l a t e  t h e  r e s u l t s  a  p l o t  
o f  t h e  s q u a r e  o f  t h e  v e l o c i t y  t h r o u g h  t h e  p e r f o r a t i o n s  a g a i n s t  
t h e  d r y  p r e s s u r e  d r o p  s h o u l d  r e s u l t  i n  a  s t r a i g h t  l i n e  t h e
CHAPTER V II
1 * Hy d r  o dy n a mi c S t udy
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DRY PRESSURE DROP V , (HOLE VELOCITY)2
2  ' . 
s l o p e  o f  w h i c h  i s  2  j? ^ » T h i s  p l o t  i s  s h o w n  i n  f i g ,  V I I  1
12  ^
\ ®  2  
t h e  r e s u l t  o f  w h i c h  i s  a  s t r a i g h t  l i n e  o f  s l o p e  2 3 . 7  x  1 0 £' ,
CD 2 - 2 g ^ .  = 2 . 3 . 7  X 1 0 2 .
12
%
c r, =  2 3 . 7  X'  1 0  X 1 2  X 0 . 0 6 3 5  
2 x  3 2 .2  x  62"."4"'r""""
c D2 = 0 . 4 5 . 
c D = 0 . 6 7 1
T h e  e q u a t i o n  w h i c h  c o r r e l a t e s  t h e  d r y  p r e s s u r e  d r o p  r e s u l t s  i s
U0 = 0.671 (2g O.J hBp)°* 5 .. .. •• •• 1.3
( U  '
2 ,  . T o t a l  P r e s s u r e  D r o p
I t  i s  c l e a r ,  f r o m  e x a m i n a t i o n  o f  t h e  d a t a  o f  p r e v i o u s  
w o r k e r s ,  t h a t  t o t a l  p r e s s u r e  d r o p  m a y  b e  d i v i d e d  i n t o  t h r e e  
c o m p o n e n t  p a r t s : -
1 ,  D r y  p r e s s u r e  d r o p .
2 ,  P r e s s u r e  d r o p  t h r o u g h  l i q u i d  o n  t h e  t r a y ,
3 ,  P r e s s u r e  l o s s  d u e  t o  b u b b l e  f o r m a t i o n .
1 »e * ^ F  b-Q *• •» • •  »• 2 , 1
12-
H u t c h i n s o n  e t  a l ,  x ^ l 0 ^ ^  t h e i r  ^ p r e s s u r e  d r o p  d a t a  a s  
a  f u n c t i o n  o f  s t a t i c  s e a l  a n d  n e t  t o w e r  f a c t o r . , J T ^ .  W h e r e  F^.
w a s  d e f i n e d  a s  t h e  p r o d u c t  o f  t h e  l i n e a l  v e l o c i t y ,  f t , / s e c . ,  f o r  
t h e  n e t  a r e a ,  a n d  t h e  s q u a r e  r o o t  o f  t h e  v a p o u r  d e n s i t y .  F o r  
s i e v e  p l a t e s  t h e  a u t h o r s  r e c o m m e n d e d  t h e  u s e  o f  t h e  m e a s u r e d
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a r e a  o v e r  w h i c h  t h e  p e r f o r a t i o n s  e x t e n d .  T h i s  p l o t  r e s u l t e d  i n  
a  s e r i e s  o f  s m o o t h  c u r v e s .
'I
M a y f i e l d  e t  a l .  a l s o  o b t a i n e d  a  s e r i e s  o f  s m o o t h  
c u r v e s  a s  a  r e s u l t  o f  p l o t t i n g  t h e i r  t o t a l  p r e s s u r e  d r o p  d a t a
a s  a  f u n c t i o n  o f  v a p o u r  r a t e  i n  s t a n d a r d  f t *  / m i n .
2
A r n o l d  e t  a l *  u s e d  a  l o g e r i m i c  p l o t  a n d  f o u n d ,  o v e r  
t h e  s t a b l e  r a n g e  o f  o p e r a t i o n ,  t h a t  t h e  t o t a l  p r e s s u r e  d r o p  w a s
d i r e c t l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  h o l e  v e l o c i t y .
3
H u n t  e t  a l *  o b t a i n e d  a  s t r a i g h t  l i n e  c o r r e l a t i o n  f r o m  
p l o t t i n g  t o t a l  p r e s s u r e  d r o p  a g a i n s t  t h e  s q u a r e  o f  t h e  h o l e  
v e l o c i t y .
I t  i s  c l e a r  t h a t  t h e  t h r e e  m o s t  i m p o r t a n t  v a r i a b l e s  
a f f e c t i n g  t h e  t o t a l  p r e s s u r e  d r o p  a x e  v a p o u r  f l o w  r a t e ,  l i q u i d  
f l o w  r a t e  a n d  w e i r  h e i g h t .  T h e  v a p o u r  f l o w  r a t e  w a s  e x p r e s s e d  
a s  F -  f a c t o r .
F i g u r e  V I I  2  s h o w s  t h e  p l o t  o f  t h e  t o t a l  p r e s s u r e  d r o p  
a g a i n s t  t h e  s q u a r e  o f  F .  .  W h e r e  F^ i s  t h e  F ~  f a c t o r  b a s e d  
o n  t h e  a r e a  o f  t h e  t r a y  p e r f o r a t e d .  T h e  p l o t  s h o w s  a  l i n e a r  
c o r r e l a t i o n  b e t w e e n  h ^  a n d  ( F  )  f o r  e a c h  o f  t h e  f o u r  l i q u i d  
r a t e s ,  t h e  a v e r a g e  s l o p e  o f  t h e  l i n e s  b e i n g  1 , 3 2 .
F i g u r e  V I I  < 3 A s h o w s  t h e  p l o t  o f  t h e  t o t a l  p r e s s u r e  
d r o p  a g a i n s t  t h e  l i q u i d  r a t e ;  t h i s  s h o w s  a  l i n e a r  c o r r e l a t i o n  
b e t w e e n  h ^  a n d  t h e  l i q u i d  f l o w  r a t e .
3
T h e  r e s u l t  o b t a i n e d  b y  H u n t  e t  a l .  t h a t  f o r  a q u e o u s  
g l y c e r o l  s o l u t i o n s  t h e  b u b b l i n g  p r e s s u r e  d r o p  i s  s e n s i b l y  
c o n s t a n t  a t  0 , 2  i n s .  l i q u i d  w i l l  b e  u s e d ,
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For the three inch weir used in the pressure drop experi­
ments analysis of Figures 2 and 3 gives the final correlation.
hrj, = 1*32 F ^ 2 + 0.0218L + 0.62W + hR .. .. .. 2.2
This equation predicts an increase in total pressure drop will 
increase in vapour flow rate, liquid flow rate, weir height 
and residual pressure drop.
3 * Froth Height
Throughout the experiment the term froth height is used 
for the height of aerated mass of liquid above the perforated 
tray. The froth height was measured visually with the aid of 
two vertical scales which were 'placed on the large perspex = 
window of the sieve-tray unit. One scale was placed at the 
mid-point of the tray and the other at the outlet weir position. 
From direct observation of the sieve tray under operation it is 
clear that the froths formed are. unstable and that, the froth 
height will fluctuate with time; also there is no definite 
boundary between the aerated mass and the gas phase above. 
Measurement of froth heights, therefore, are approximate and 
are time-average. -
It is also clear that the froth height varies along the
length of the tray, being a minimum at the inlet and outlet
■ 4 •' j
weirs and a maximum at the centre. Figure VII .4 shows a plot 
of the froth height at,the two points on the tray as a function
of air flow rate, it is clear that the variation with air-flow
rate is identical in each case. . Figure VII 5 is a plot of the
. ' y y  -  1 2 5  -  •'
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flow rate and again the variation with liquid flow rate is
identical. Some workers have advocated that an average value
of froth height for the tray should be used for design purposes
however the author feels that as hydraulic stability is of
prime importance, the worst case should be considered, i.e. the
froth height at the tray centre.
Prediction of froth height of a system is important both
from the mass transfer standpoint and of hydraulic stability.
Obviously the greater the froth height the greater will be the
interfacial area available and thus the greater will be the
efficiency of the mass transfer operation. However, flooding
17of towers has been reported when the froth on one tray
reaches the tray above. It is thus important that a proper
balance between these two conditions be achieved.
No mass transfer effect on the frothing properties of
the aqueous glycerol-air system, such as was reported by 
18Zxiiderweg for other systems, was detected.
Froth height was studied as 0, function of vapour flow, 
liquid flow rate and weir height. Figures VII 6 and VII 7 
show that, the froth height at the tray centre increases linearly 
with increase in the liquid smd air flow rates. The following 
correle.ting equation was found to give a good fit to the 
experimental results,
f r o t h  h e i g h t  a t  t h e  t w o  p o i n t s  a s  a  f u n c t i o n  o f  t h e  l i q u i d
Z j ,  =  2 . 4 5  F a  +  0 . 0 5 3 L  +  1 . 2 4  W  . .  . .  . .  . .  3 . 1
-  1 2 6  -
This correlation equation is substantially of the same form
- 12 as that proposed by the Delaware report , and like that
equation it correlates the froth height as a linear function 
of air flow rate, liquid flow rate and.weir height,
4* Liquid Hold-up on Tray
Prediction of the-liquid hold-up on a distillation tray 
is important both from hydraulic and mass transfer considera­
tions, A large liquid hold-up may have a detrimental effect 
from the hydraulic point of view since it will cause a large 
pressure drop across the tray and may result in weeping or 
dumping. From the mass transfer view a large liquid hold-up 
is beneficial since it increases the contact time between the 
liquid and the vapour, which should result in a higher effi­
ciency.
There are several methods, both direct and indirect, by 
which the liquid hold-up on a distillation tray may be measured* 
Direct measurement is to be but quite complex appara­
tus and procedures are required before any accuracy can be 
attained. It was, therefore, decided to obtain a valve for 
the liquid hold-up indirectly.
Most of the early work in attempting to obtain a measure 
of the liquid hold-up involved the use of a series of mano­
meters installed in the floor of the tray. Such manometers 
have one leg flush with the floor of the tray and the other 
projecting into the vapour space above the tray. Since the
manometer has only one leg the height of liquid must be
- 127 -
corrected for surface tension effects. The corrected mano­
meter reading has usually been referred to as the static head
and has been equated directly to the liquid hold-up on the
11'tray. It has been suggested that a better term for the 
corrected manometer reading would be Dynamic Head as it is a 
measure of the pressure on the tray floor under operating 
conditions. The same workers ho.ve proposed that the dynamic 
head value must be corrected for the momentum head of the 
vapour before the liquid hold-up can be obtained. Thus:
*0 = ^p '* (Uq ** • * • • •• ° • A* 1
? 8
Where = Clear liquid height on the liquid hold-up
per unit bubbling area.
Zp = Dynamic head.
 ^ and^ = Gas and liquid densities respectively.
Hq •, = Velocity of vapour through the perforations.
=, Velocity of vapour , based on the area of the 
tray., containing-perforated, zone. . 
g == Acceleration due to gravity. - —
It was proposed to obtain a measure of the liquid, hold-up 
from measurement of dynamic head which would then be corrected 
for vapour momentum head,
a. Dynamic Head: .
It has been widely reported in the literature that the 
the dynamic head,.' like foam height, varies from point to point 
along the length-of the tray. A series of eight manometers
were placed at known intervals along the centre line of the
• - 128 - - , - . . '
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tray to obtain the dynamic head profiles. Before instal­
lation the manometers were calibrated directly for surface 
tension effects.
Dynamic head profiles for a series of liquid flow rates 
and two vapour flow rates are shown in Figures VII 8 and 
VII 9* Analysis of the dynamic head x^ rofiles show that 
although there is indeed variation from point to x^ oini along 
the length of the tray, there does exist a central zone in 
which the dynamic head remains reasonably constant. This 
central zone, in which fully developed flow conditions exist, 
occupies approximately two-thirds of the perforated area of 
the tray. For use in equation 4*1 it has been advocated 
that the point values of dynamic head be averaged over the 
total length of the tray. It might, however, be more realis­
tic, if one is going to apply the results to the design of
large columns, only to consider the central zone where fully
4 9 17 11developed flow occurs. It has been reported * 1 1 9
that the average dynamic head increases with increase in 
liquid flow rate but decreases with increase in vapour flow 
rate. Figure VII 10 shows point values of dynamic head as a 
function of the liquid flow rate and air rate. The variation 
of point dynamic head with liquid flow rate is similar whether 
the value is taken at the centre of the perforated zone or 
towards one end. The variation of dynamic head with vaxoour 
flow rate, however, is not constant over the length of the
-  1 2 9  -
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tray. Towards the ends of the perforated zone the dynamic 
head appears largely insensitive to changes in vapour flow 
rate, while in the central zone there is a distinct decrease in
dynamic head with increase in the vapour flow rate. If,
however, as has Been suggested, an average value for the tray 
is taken then the dynamic head is found to increase linearly 
with increase in liquid flow rate and to decrease linearly
with increase in vapour flow rate.
The Delaware Final report proposes the following corre­
lation for the average dynamic head.
= 0.19W - O.65F + 0.020L + 1.65 ............ A.2
Where = Dynamic head, inches.
W = Height of weir.
F = F- factor based on the bubbling area.
L =; Liquid flow rate U.S. gal*/min.
Analysis of Figxires VII 11 and VII 12, which show dynamic
head plotted as a function of liquid flow rate, vapour flow
rate and wei^ r height, shows that the experimental results are 
well correlated by an equation of the same type,
zD = 0.19W - o,4ofa + 0.013L + 1.56 ............ 4.3
b. Momentum Head of Vapour:
The momentum head as defined by the expression:
Momentum Head = ^  U^ (U^  - U^ ) .. a. .. 4,4
is plotted as a function of F^ factor for the range of vapour
f l o w  r a t e s  u s e d * i n  t h e  e x p e r i m e n t s  i n  F i g u r e  V I Z  1 3 .  T h i s
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plot shows that although the momentum head increases sharply
with increase in vapour flow rate, even for the highest flow
rate used the momentum head is very small when compared with
the dynamic heads encountered in the experiments.
The static head as computed from equation 4.1 is shown
plotted as a function of liquid rate and vapour rate in
Figures VII l4 and VII 15. It can he seen that the static
head for a given gas flow rate shows exactly the same variation
with liquid flow rate as the dynamic head. Also, although
there is the effect of momentum head offsetting the decrease in
dynamic head, there is still a slight decrease in static head
with increase in the vapour flow rate.
The liquid hold-up on the tray may also be obtained from
analysis of the components of the total pressure drop. It
has already been established that the total pressure drop is
made up of three components.
*
(i) Dry pressure drop,
(ii) Pressure drop through liquid on the tray,
(iii) Pressure loss due to bubble formation,
i.e. h^ = h£)p + hp + hp • « . • 0o » . •« •, 4,4
If experimental values are available for hrn, h.Ar> and h-0 thenJ. -Dir ri
hp Can be evaluated using equation 4,4. Total'pressure and 
dry pressure drop data are available from earlier experiments. 
The result of Hunt et al. that for aqueous glycerol solutions
the bubbling pressure drop remauns sensibly constant at 0,2 ins
liquid will be used.
-  1 3 1  ~
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The pressure drop through the liquid can then be used
j
to obtain the static head on liquid hold-up per unit bubbling 
area.
* , h j l  — 1 * 1 4  - 0 . 2  • »' 90 *9 99 4 * 5
The values of static head as computed from equation 4.5 are 
shown plotted as a function of weir height, liquid flow rate 
and vapour flow rate in Figure VII 16. The static head is 
seen to increase linearly with increase in liquid flow rate and 
to be insensitive of variation in the vapour flow rate.
The values obtained for the static head by this method 
give very good agreement with those obtained from, the dynamic 
head profiles at low values of F^ . At high F^ values the 
agreement is not so good, the difference being of the order of 
0,3 inch liquid.
Another indirect method of obtaining a measure of the 
liquid hold-up is from a residence time distribution study, 
buch a study has been made and is discussed in detail in a 
later section. Although the study was made for the air-water 
system the author feels that the results are applicable to the
air-aqueous glycerol system as it has been fairly conclusively
17. 'shown that there is no surface tension or viscosity effects.
It has been shown in Chapter III that the liquid hold-up
may be computed from the equation. -
V  “ V  X  fc 9. .9 • o 9. «• 9. 09 9. 4 . 6
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t = mean residence time secs.
If the length of liquid travel and the width of the 
tray are.known then for a given liquid flow rate and liquid, 
residence time the static head may be computed from equation
4.6 Values.of static head obtained in this\manner are shown 
plotted in Figure VII 17 as a function of liquid flow rate 
and weir height. Little or no variation of liquid hold-up 
with variation in vapour flow rate was noticed. The liquid 
hold-up is seen to increase linearly with increase in liquid 
flow rate and to increase with increase in weir height. The 
values of liquid hold-up as predicted by equation 4.5 are 
higher than those obtained from the dynamic head measurements. 
This is not surprising as the dynamic head profile was limited 
to the perforated zone of the tray, even then it was. noticed 
that, the dynamic head was much larger at the beginning and 
end of the zone than in the centre. It is thus reasonable to 
suppose that the dynamic head in the inlet and outlet calming 
zones would be higher still,. Both these areas were included 
in the residence times distribution study,
There is one purely theoretical equation..,.available for 
predicting the liquid hold-up, this equation has been exten­
sively used in the design of distillation columns.
3
w h e r e  V  =  l i q u i d  h o l d - u p  f t .  . 3
v  =  v o l u m e t r i c  f l o w  r a t e  f t .  / s e c .  '
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W =: Weir height, inches.
Zq^ = Liquid crest over weir, inches.
The Francis formula is used to determine the height of liquid
over the outflow weir.
R
Z^t, ft ( L ) ' • • 8 ♦ 8 • 8* 80 • * 4 .8
0w (a^tBT\)
Where L = Liquid flow rate, imp. gal./min.
= Effective length of weir, inches.
It is of interest to note that equations 4 ,7  and 4 .8
imply that the liquid hold-up on the tray is independent of 
the vapour flow rate. Values of static head corresponding
to the range of liquid flow rates used in the experiments were
computed using equation 4 .7  and are shown plotted as a function 
of liquid flow rate in Figure VII 18,
It is clear that the values of static head obtained in 
this manner are much higher than any obtained experimentally,; 
The variation of static head with liquid flow rate predicted 
by equation 4 .8  is in fair agreement with that obtained experi­
mentally, It is thus probable that most of the discrepancy 
arises from the use of a unity coefficient for the term W in 
equation 4 . 7 .  This is suxqported by the fact that in all 
cases when the experimentally obtained plots are extropolated 
to zero liquid flow rate, the intercept gives a value for the 
static head which is substantially less than W, The author 
feels that this equation,.in its present form, should not be
W h e r e  Z ^  ~  C l e a r  l i q u i d  h e i g h t ,  i n c h e s .
-  1 3 4  -
5. Aeration Factor and Froth Density Factor
It is important, both.from mass transfer and hydrodynamic 
considerations, to be able to predict the effect of operational 
variables on the extent of frothing that will occur on a 
distillation tray. Two concepts are commonly in use which 
give a measure of the degree of frothing of the liquid, they 
are aeration factor and froth density factor.
From practical experience it is found that the pressure 
drop across the aerated liquid on a distillation tray, measured 
as head of liquid, is always appreciably less than the clear 
liquid, depth which would result under the same liquid flow 
conditions in the absence of aeration. Also, for a given 
clear liquid depth, the greater the degree of aeration the - 
smaller will be the resulting pressure drop. Thus the ratio 
of the pressure drop through the frothing liquid to the clear 
liquid seal which would occur under the same flow conditions in 
the absence of aeration will give a measure of the degree of 
frothing, this ratio is called tho "Jieration Factor".
The "Foam Density Factor" is an attempt to obtain a 
measure of the degree of frothing aeration directly and it is 
defined as the ratio of the volume of unaerated liquid in the
foam per unit volume of foam.
12 *Hutchinson , using an idealised flow model, has derived 
a useful theoretica! relationship) between aeration factor and
u s e d  f o r  d e s i g n  p u r p o s e s ,

foam density factoi’. The derivation is as follows
In Figure VII 19 the assumption is made that the 
bubbling zone is essentially complete down to plate level, an 
assumption which should be valid for sieve plates, especially 
at high gas flow rates.
Let be the height of aerated zone above the tray 
surface, s be the depth of clear liquid reference zone and let 
f represent any fraction of s above the tray.
The aeration factor is defined as the i*atio of increase 
in pressure drop to the increase in height of clear liquid 
causing it. With reference to Figure VII 19 this becomes:-
lF3 • » « O *9 09 00 « OO 5,1
s
Where B =s Aeration factor', dimensionless
hp = Pressure drop through the liquid, inches water
j = Specific gravity of the liquid,
S = Clear reference seal, inches liquid.
The density factor / is defined by the equation:-
/ = Effective aerated density ,, .. ., 5.2
Clear liquid density
If the assumption is made that the aerated density is uniform
then equation 5*2 can be written as
^ = ZC ................• .. .. . . . .  5 .3
zf
Where Z^  = Height of the aerated zone, inches..
2C s Equivalent clear liquid height, inches liquid.
A hydrostatic balance at the bottom of the aerated zone gives:
Consider a horizontal plane at level fS which extends 
through the aerated zone. The forward component of the 
driving force is given by:-
(Si£ — fS ) /  * • • e * « * ° • • • « 5 »5
and the reverse component by:-
(b - fS) * 0 * .  , , o. . . 5*6
The net forward driving force .will be the difference 
between these two components, thus the minimum requirements 
for flow from one zone to another is expressed by the following 
conditions:-
( [(Zj, -  fS )  +  -  (S -  £ S ) j  d f  = o . .  . .  5 . 7
Consider the condition at the clear liquid, i.e. when 
f = 1, the forward component is (Z^  - S) which as 3 S 
will result in a positive value. The corresponding reverse 
component is zero, hence the net result will be a flow in the 
forward direction.
Consider the case at tray level, i.e. when f = o, the 
forward, component is / while the reverse component is S,
Now from equation 5«3> Z..lT, Z,,, and as S is always greater■ * 1* L/ ■ -
than Z^ the net flow at this position is in the reverse direc­
tion. Equation 5*7 thus predicts that the net flow near the 
liquid surface and that near the tray surface will be in 
opposite directions. If such a condition should exist a 
torque would result and circular currents set up at the boundary 
regions between aerated and clear zones. ■
f iL  =  B . S .    '  o ,  0 0  ;  5 - 4 .
z = s  (1  ) . .  '.............................. . .  . .  5 .8
1 z G* X)
from which it can he shown that
B ft -g- (1 + /) )
) ..    5*9
or 0 = 2B « 1 )
Equation 5#9 implies that the minimum value B can have is 0.5* 
a. Aeration Factor
12The aeration factor as defined by Hutchinson is not 
a practical concept for distillation trays. The trays used in 
their experiments had calming sections long enough to achieve 
complete separation of the gas and liquid phases on the tray, 
the actual clear liquid seal could thus be measured. However, 
for most practical distillation trays, complete disengagement 
of the gas and liquid phases is never achieved and the liquid 
flowing over the outflow weir is in a highly aerated state.
It is for this reason that most workers have used a calculated
clear liquid seal rather than an experimentally obtained value.
1 li 15The aeration factor as used by most workers, 1 is, 
in fact, the ratio of the depth of liquid after collapse of 
the foam to the depth which the liquid would attain when flowing 
across the tray at the same flow rate in the absence of aeration
The aeration factor B is defined by the following expres­
sion:-
I n t e g r a t i n g  e q u a t i o n  5 * 7  y i e l d s  t h e  f o l l o w i n g  e x p r e s s i o n :
(4)0 
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Where W = Weir height, inches
Zq .^ = Liquid crest over the weir, inches.
1 13Mayfield and Sh,ah obtained a value for the equivalent
depth of clear liquid on the tray by subtracting the dry
pressure drop from the total pressure drop. However, it has 
been shown (see Section 4) that allowance must be made for the 
additional pressure drop due to bubble formation.
An aeration factor B(h) was computed from the following 
expression:-
B(h) = hfji - lrpp ~ hR o. .. o. .. .. 5.11
~j(W + 2,ow>
'Where h^ = Total pressure drop, inches water
hpp Dry pressure drop, inches water,
hp = Pi'essure drop due to bubble formation, inches
water •
Values of B(h) computed from equation 5*11 are shown plotted * 
as a function of air flow rate and liquid flow rate in 
Figure VII 20. It is clear that B(h) is principally a function 
of liquid flow rate and is largely insensitive to change in air 
flow rate. The aeration factor B (h) was found to increase 
linearly with increase in the liquid flow rate' and to exhibit 
a slight tendency to increase with increase in the air flow 
rate.
W h e r e  S  =  C a l c u l a t e d  c l e a r  l i q u i d  s e a l .
O v e r  t h e  c o m p l e t e  r a n g e  o f  a i r  a n d  l i q u i d  f l o w  r a t e s
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used in the experiments variation of B(h) was limited to the 
range 0.55 - O.65.
It was also shown in Section 4 that values of equiva­
lent clear liquid head could be obtained from the dynamic 
head profile measurements. An aeration factor B(z) is 
defined by the following expression:- 
B(z) = Zc
S
~ h .. •• ,, o .  5*12
w + zow
Where Z^ = Dynamic head, inches liquid.
Zjvj = Gas momentum head, inches liquid*
Values of B(z) computed from equation 5*12 are shown plotted 
as a function of liquid flow rate and gas flow rate in Figures 
VII 21 and VII 22# The value of aeration factor B(z) was 
found to show a smooth increase with increase in the liquid 
flow rate but to decrease with increase in gas flow rate.
Over the complete range of air and liquid flow rates used in 
the experiments variation of B(z) was limited to the range 
0 .5 0  -  0*65 .
The aeration factor as determined, both from dynamic 
head and pressure drop measurements, was found to increase
with increase in liquid flow rate* This result is in agree-
13 9 15ment with the work of Shah , Prince and Gilbert although
1Mayfield reports the opposite result.
-  1 4 0  -
Tlie aeration factor as derived from the pressure drop 
results was found to be largely insensitive to variations in 
the gas flow rate, while B(z) values show a definite decrease 
with increase in the gas flow rate* Opinion is at variance as
1to the effect of gas flow rate on the aeration factor, Mayfield
found an increase in aeration factor with increase in gas flow
13 9 15rate while Shah , Prince and Gilbert report a decrease.
The actual values of aeration factor obtained in the
experiments are in good agreement with those obtained by the
1 13 15earlier workers ’ 5 but are much less than those obtained
9by Prince but this is pi'obably due to the fact that Prince 
had a foam baffle incorporated in the apparatus.
The most significant result is that over the wide range 
of air and liquid flow rates employed in the experiments the 
maximum range of aeration factors obtained is quite small being 
0.50 to 0,65,
b, Foam Density Factor
Foam density factor is defined as the ratio of the
volume of unaerated liquid in the foam per unit volume of foam.
At any point on the tray this definition may be re-stated as
the ratio of the equivalent head of clear liquid on the tray 
to the froth height*
Thus / = Z(
'F
JO OO 00 , ,  , 0  oo  , 0  5*13
2,
1 4 1  -
Z^ =' Equivalent head of clear liquid on the tray, 
inches liquid*
W h e r e .  /  =  F o a m  d e n s i t y  f a c t o r ,  d i m e n s i o n l e s s .
Z^, =- Froth height.
19, 4, 17Most of the earlier workers,"’ * have used the clear
liquid height value obtained by a static water manometer
attached to the tray floor as a measure of the equivalent, head
11of clear liquid. It has been suggested by Sargent ' that 
value must be corrected for the gas momentum head before the 
equivalent head of clear liquid can be obtained.
Two methods have been used to evaluate Z^,, one using , 
pressure drop measurements and the other dynamic head profile, 
measurements * The two methods give slightly dif ferent values 
of under identical operating conditions so for completeness 
the foam density factor has been1evaluated for each method.
The foam density factor which was computed from the 
pressure drop measurements /(h) is defined:-
^k) = h^ - hDp - hp ...................  5,14
1 ZF
Where h^ - Total pressure drop, inches water.
hpp = Dry pressure drop, inches water,
hp = Pressure loss due to bubble formation, inches
water
j ss Bpecific gravity of the liquid.
T h e  f o a m  d e n s i t y  f a c t o r  o b t a i n e d  f r o m  t h e  d y n a m i c  h e a d
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Where Z^ ■ « Dynamic head, inches:liquid.
2^ = Gas momentum head, inches liquid.
The foam density factors /(D) and /(h) are shown plotted
\
in Figures VII 23, 24, 23 and 26 as a function of gas flow rate 
and liquid flow rate* Both /(D) and /(h) are, seen to decrease
uniformly with increase in the gas flow rate, a result which
12 19 4 15 17is in agreement with earlier workers * ’ - • * This
decrease in the foam density factor with increase in the gas 
flow rate is due to the fact that although there is an appre­
ciable increase in the volume of froth on the tray for a given 
increase in.the gas flow rate, the corresponding increase in
the clear liquid hold-up is negligible.
11 " ' • oargent et al. have reported the existence of three
distinct zones in the frothing mass on the distillation tray*
A zone of approximately constant density occurs at a short
distance from the floor of the tray and exists throughout
most of the froth height before tailing off rapidly into the
spray zone* The density, of the liquid at the tray floor is
much higher than this constant density zone* They have
reported that the vapour rate has virtually ho effect on the
magnitude of the constant density zone but that as the vapour
rate increases more liquid is entrained into the foam from
the clear liquid zone adjacent to the tray, and thus the
p r o f i l e  m e a s u r e m e n t s  / ( D )  i s  d e f i n e d : -
-  1 4 3  ~  ‘
extent of the constant density zone is progressively increased 
at the expense of the clear liquid zone, No froth density 
data is given for the conditions which prevail when all the 
clear liquid adjacent to the tray has been entrained into the 
foam,
While at first sight the work of Joargent et al, appears 
to contradict the data reported here and also that of the 
earlier workers, it must be remembered that Sargent has 
reported actual froth densiby values while the froth density 
factor is a measure of neffective” density and includes the 
effect of all three zones. While there remains a clear liquid 
zone on the tray one would expect value of froth density factor 
to be higher than the actual froth density, and that as the 
gas rate increases the value of froth density factor should 
decrease and ultimately reach the true froth density value 
when the last of the clear liquid zone vanishes. There is 
some evidence to support this, hypothesis in the plot of froth 
density factor against gas flow rate in Figures 1 and 3» which 
show a series of parallel curves tailing off gradually to a 
constant value.
However, the author feels that the use of the froth , 
density factor is still a valid concept for design purposes 
provided the user realises that it is a measure of the effec­
tive froth density and not the actual froth density. Foam 
density factors /(D) and /(h) were found to be largely insen­
-  1 4 4  ~
sitive to variation of the liquid flow rate, though /(h) shows 
a slight increase with increase in the liquid flow rate. This
latter result is in agreement with the published data of
4  1 7  1 5  1 9  1 1  4earlier v^ orkers ’ ? 5 5 of whom Foss and Gerster ,
*\r? i 5 1TUniversity of Delaware Report ,'Gilbert, and &argent also
report an increase in fx^ oth density with ihci*ease in weir 
height. The fact"that the froth density increases with increase 
in weir height suggests that there should be an increase in / 
with increase in the liquid flow rate since both of these 
variables have the same effect on the liquid hold-upon the tray.
In general values of /(D) compare quite well with cor­
responding values of /(h) which v/ould indicate that .the two 
methods used for evaluating foam density factor give the same 
order of accuracy.
The range of foam density factors obtained over the
range of variables studied was 0.20 - 0.33* Using the rela-
• 12tionship dex'ived by Hutchinson " the equivalent range .of
aeration factors may be deduced:
B = *g" ( | H* / ) 00 • 0 O 00 .0 DO « . 5*9
From which the'"range of aeration factors is 0,60 - 0.66. The 
actual range of aeration factors encountered over the same 
range of operating conditions was 0.50 - 0.65® Although at 
first sight equation 5*9 gives a reasonable agreement between 
predicted and experimental results, the relationship warrants 
fxirther investigation. As. stated previously, equation 5*9
-  1 4 5  -
implies that, as the gas flow rate continues to increase 
resulting in a smaller and smaller froth density the aeration 
factor should approach a value of 0.5 as an asymptote. There 
is some evidence for this hypothesis in Figure VII 22 which 
shows a plot of B(D) against f' , however this result is not 
apparent from the plot of B(h) against F^ . Further, equation
5.9 implies that B and / should be similar in their variation 
with gas and liquid flow rate. However, experimental data, 
both here and by other workers, indicate that which / is 
principally dependent upon the gas flow rate, B is largely
a function of the liquid flow rate.- Thus it would appear 
that the agreement between the actual range of foam density 
factors and those predicted by equation 5*9 Mas largely 
fortuitous. It seems doubtful, therefore, whether equation
5.9 can be safely used as a design equation.
1oB. Downcomer
1• Froth Height
As with the tray, the term froth height is used to 
describe the height of aerated liquid mass above the downcomer 
bottom,. The froth height was measured visually with the aid 
of a scale fixed vertically to the perspex downcomer. The 
froths formed in the downcomer are much more stable than those 
formed 011 the'-tray, they do not fluctuate so much with time, 
also the dividing line between the froth and the gas above 
is much more distinct. Nevertheless, the values recorded
-  1 4 6  -
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The downcomer capacity was altered by using a series 
of perspex inserts to block off part of the downcomer; in this 
way downcomer widths of 5*0"? 3*5n} 2.75" and 1,75" were 
achieved, Froth height in each of the doWncomers was studied 
as a function of liquid flow rate and gas flow rate,
(a) Effect of Liquid Flow Rate
At low liquid flow rates for all downcomer capacities 
studied, the fluid in the downcomer consisted of txvo distinct 
zones. Adjacent to the tray floow there was ah essentially 
clear liquid zone on top of which floated a light density froth; 
the line of demarkation between the two zones was fairly sharp. 
As the liquid rate increased, causing an increase in the momen­
tum of the fluid cascading into the downcomer, a greater degree 
of turbulence in the downcomer results and the line of demar­
kation between the two zones became less distinct. However, 
even at the maximum liquid flow rate encountered it was possible 
to distinguish the two zones visually.
The light froth, which consisted of relatively large 
bubbles of gas and appeared to contain very little liquid 
while the bottom zone consisted of a continuous liquid phase 
interspersed with small bubbles of gas.
Figure VII 27 illustrates the effect of the liquid flow;? 
rate on the froth height in the downcomer. For the five 
inch width downcomer increase in liquid flow rate produces an
f o r  f r o t h  h e i g h t  a r e  t i m e  a v e r a g e  v a l u e s  a n d  a r e  a p p r o x i m a t e .
initial increase in froth height but ultimately the rate of 
increase tails off and at high liquid flow rate the froth 
height remains sensibly constant. With the 3*5 and 2.75 inch 
width downcomers, increase in the liquid flow rate again 
results in an initial increase in froth height which reaches a 
maximum and ultimately decreases as the liquid flow rate was - 
increased to the maximum used in the expei'iment, The maximum 
froth height in the 1.75 inch width downcomer was achieved at 
the minimum flow rate, increase in the liquid flow rate 
resulted in a uniform decrease in froth height, A possible 
explanation of these results is as follows
As the liquid flow rate increases, more froth is 
generated on the tray and ultimately passes over the outflow 
weir into the downcomer; also more froth will be generated in. 
the downcomer due to the increased waterfall effect of the 
falling liquid. The total pressure drop, across the tray 
increases with increase in the liquid flow rate, thus there
will be a corresponding increase in liquid height in the down­
comer to offset this increase in pressure drop. These results 
would indicate a rise in froth height with increase in the 
liquid flow rate*
However, the liquid in falling onto the froth in the 
downcomer disrupts some of the froth; also some of the gas 
bubbles will be entrained in the faster flowing liquid and 
swept onto: the adjacent tray. Both these effects will be
magnified with increase’in the liquid flow rate and with
-  1 4 8  -  /  , . .. • - "

decrease in downcomer capacity. The amount of frothing in 
the downcomer will, therefore3 reflect the balance of above 
effects,
(b) Effect of the Gas Flow Rate
The effect of varying the gas flow rate upon the froth 
height in the downcomer ie shown in Figure VII 23 -for the 5 in. 
width downcomer. The froth height is seen to increase uniformly 
with increase in the gas flow rate.
There are two probably causes why the froth height in 
the downcomer should increase with increase in the gas flow ' 
rate;- .
(1) The degree of.Irothing that occurs on the 
tray increases with increase in the gas flow rate, thus 
there is actually more froth flowing into the, downcomer,
(2) The total pressure drop across the upper tray 
increases, this will cause more 'liquid to back-up the 
downcomer to equalise the iiressure at the bottom of the 
downcomer.
The results of tlio experiments are in good agreement
25with the work of Thomas and Shall , particularly with the finding
that the froth height in the downcomer is not a limiting factor
in deciding whether or not a column will flood. This result
' - .  7 pi.}.is at variance with the work of Huang and Hodson , Holies ,
6 23 22 5Hughmark and O’Connel , ICirkbride , Davis and Leibson , all
of whom are of the opinion that if the aerated liquid reached
- * -  149 ~  ,
A possible reason for this difference of opinion is in 
the explanation usually offered for this type.of flooding:- 
"When the 3,iquid in the downcomer reaches the top of 
the out flow weir, a further increase in the liquid flowrate 
will increase the pressure drop through the plate. The resul­
tant decrease in pressure of the vapour space above the tray 
will cause the liquid to flow back up the downcomer; this 
in turn increases the: liquid height on the tray and again 
results in a further increase in pressure drop across the tray. 
Thus more and more liquid will back up the downcomer from one 
tray to another and the column will eventually fill with liquid® 
The author feels that flooding of the column can result, 
by this mechanism only when the fluid in the downcomer has a . 
uniform average density, i.e. if the downcomer is running full 
of clear liquid or a uniform froth the column will flood. 
However, it was evident from the visual observations made of 
the frothing liquid in the external perspex downcomers, that 
even at the maximum liquid flow rate used in the experiments 
there still existed two distinct fluid zones in the downcomer. 
The bottom zone consists of a high density aerated liquid on 
top of which floats the light froth zone. It is probably that 
the head of froth above the aerated liquid contributes very 
little to the hydrostatic head at the bottom of the dovmcomer.
On this basis it is understandable how the column used by
t h e  t o p  o f  t h e  o u t f l o w  w e i r ,  t h e  c o l u m n  w o u l d  f l o o d ,  ‘ ;  ■
-  1 5 0  -
FIG VII-29 
DOWNCOMER STATIC HEAD v ?A
5 inch DOWNCOMER
°  8 .35 ga l/m in
V  18. U g a l/m in
x 27.5 g a l/m in
A  1*0.0 ga l/m in
Thomas and Shah was able to function even when froth from 
the downcomer rose above the outflow weir* Any increment in 
pressure drop through the tray was balanced by an appropriate 
increase in height of the aerated liquid zone.
25The author thus feels, in agreement with Thomas and Shah 
that it is the clear liquid height in the downcomer which is the 
limiting factor in downcomer design and not froth height®
However determination of the actual fluid density profile over 
the entire height of fluid in the downcomer is required to 
clarify the issue.
2• Clear Liquid Height
The equivalent clear liquid height or static head in the 
downcomer was found to increase uniformly with increase in both 
gas and liquid flow rates, see Figure VII 29* The reasons for 
this result are that increase in either of the gas or liquid 
flow rates will increase the total pressure drop across the 
tray thus causing more liquid to back up the downcomer in order 
to equalise the pressure at the tray floor. Also increase in 
the liquid flow rate increases the liquid hold-up on every 
tray, this will result in an increase in the volume of liquid 
in the downcomer.
An expression for the clear liquid height in the down­
comer L^ can be developed if the downcomer is regarded as one 
side of a single U - tube. The balancing side is composed 
of the sum of the liquid pressure drop through the clearance
2 5
-  1 5 1  -
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area between.the downcomer and lower plate, , the static 
liquid seal on the lower .tray Z at a position adjacent to the 
downcomer; the hydrostatic head of vapour between the trays, 
h^ ; and the total pressure drop through the upper tray, h^,.
If H is the distance between the two trays and hp the 
pressure build-up in the downcomer above that which exists in 
the vapour space of the upper tray, a hydrostatic balance at 
the bottom of the downcomer gives:-
(H - V  fv + h> + +D = Pdo + Z + \  fV + V  2*1 •
. fa 6, 3
Where j = Specific gravity of the liquid
Equation 2*1 can be simplified for the usual case of towers 
operating at moderate pressures by. making the assumption that 
the density of the gas is very much less than the density of 
the liquid
• • 'h Z + *"* bp •>* • • a* * * a.2*2
j
To test this relationship values of pi’essxire drop . 
through the downcomer, P^c ? total wet pressure drop, h^,, pressure 
build up in the downcomer and. static head bn the lower tray were 
all obtained experimentally. Figure VII 30,shows the compari­
son of values of clear liquid height in the downcomer computed 
from equation 2.2 and those obtained experimentally for runs 1 
and 4. It can be seen that the' agreement between calculated
and experimental values is good.
T h e  c o r r e l a t i o n  s u g g e s t e d  i n  e q u a t i o n  2 . 2 ,  h o w e v e r ,
requires knowledge of, %, the static head on; the lower tray 
adjacent to the submerged weir of the downcomer. It seems to 
the author that Z is not only a function of the operating vari­
ables but of the geometry apparatus used.
From theoretical considerations Bduljee has proposed 
that the clear liquid height in the downcomer may be calculated 
from the following equations-
•Ljd ~ Pr p  + (W + ) + P^c + b a .  o .  . a  .. 2.3
Where S = Liquid gradient across the tray,
W ss Weir height*
- Liquid crest over the weir*
The term (W + is a theoretical tray clear liquid
height and is always greater than any actual value of Z. It 
is, therefore, proposed that a modified form of equation 2,2, 
be used for the downcomer design:-
LjD ~ Fdc * ^ + 20W" * - kp • • •s • 2.4
3
Equation 2.4 will predict high values of clear liquid height 
in the downcomer but would have the advantage of having a 
built-in factor of safety,
3• Liquid Throw over Weir
' 22 24 7Earlier workers ’ * were of the opinion that if the
liquid throw over- the weir reached the column wall the dis­
engaged vapour in the downcomer would not have si pathway to 
the tray above,
A theoretical expression for the liquid throw over the
-  153  -  ' ■ ,
22 24weir may be derived ’ based on the assumx^ tion of clear 
liquid flow.
The velocity of flow of clear liquid over the weir in 
the horizontal direction is given by
U = ( ______  ) ( 12 ) .. .. .. .. 3.1
(SoTl.zS) Czm  i ^ )
Whero U = Velocity ft./sec.
Q ' =s Volumetric flow rate, gals./min,
Z.^ - = Liquid crest over the weir, inches,OW 1
L^ . = Length of the weir, feet.
For a rectangular weir the volumetric flow rate is given by:-
q = 29.7  Lw ( z QW) 1*5 . .  . .  . .  . .  . . .  3 . 2
Substituting for Q from equation 3.2 Into equation 3*1
U = 0 .9 5 5    . ,  . .  3 .3
The distance for free fall of the liquid, h^ , is given by the 
expression , ’ •
h f  = 1 (H + w -  ld ) ........................... . .  . .  3 . 4
Where H s Tray spacing, inches,
W - Height of weir, inches,
Lp =s Clear liquid height in the, downcomer, inches.
From application of the Newtonian law of gravity the time
for the free fall of liquid is given by
[ -» -12 1 ( H + W L_., ) | '■ secs, ., ,« 3«5
6 ' 1 2  J
The liquid throw beyond the weir may now be obtained by 
combining equations 3*3 and 3*5? thus:-
-  1 5 4  -
=  1 2 ,  x  U  x  t
or W, = 0.8 /Z_, (H + W - L„)I U’v'/ U 3 * 6
where VL = Liquid throw beyond the weir, inches
The maximum liquid throw beyond the weir will occur at 
the maximum liqquid flow, rate and also when the clear liquid 
height'in the downcomer is a minimum. Consider the idealised 
case for zero clear liquid height in the downcomer.
Maximum liquid .flow rate used in the experiments = 4-1,7 gal,/min.
Liquid crest height at this flow rate =1,11 inches,
Weir height = 3*0 inches,
Tray spacing. = 24,0 inches.
The maximum liquid throw over the weir predicted by equation
3.6 is 4.38 inches. However, from visual observations made it 
is clear that the actual throw of liquid is much greater than 
predicted by this correlation. For example, at liquid flow 
rates of the order of 10 galls./min the liquid throw reached 
the wall of the 5 inch width downcomer.
The greatest limitation of equation 3*6 is that it is 
based pn the flow of clear liquid over the weir. Except in 
exceptional cases, such as when either a very long calming 
section 011 a. foam bubble is incorporated in the column, the 
liquid flowing over the weir will be in a highly aerated state.
Two possible reasons are, therefore, offered to explain why the
W,1
W (max.) = 4,38 inches
1 5 5
liquid throw predicted in equation 3*6 is very much less than 
occurs in practice;-
(1) That the actual area for flow over the weir is 
much less than calculated by the-product (L, - x Z ^ )
due to the presence of the bubbles of gas in the liquid. 
Thus for a given volumetric flow rate the horizontal 
velocity will be greater than the value predicted by 
equation 3*1*
(2) The gas bubbles in flowing up through the liquid 
will impart an upward force to the liquid which will tend 
to offset the force of gravity*
For a liquid flow rate of +1,7 gal./min, equation 3*6
24predicts a liquid -throw of 4,38 inches, Bolles and Huang 
7and Hodson would, therefore, advocate a downcomer width 1,66 
times this width, i.e. 7*30 inches. In fact, at this liquid 
flow, rate a downcomer of width 1.75. inches was found to function 
quite satisfactorily.
There was a slight build-up of pressure in the downcomer 
when the liquid apron sealed off the mouth of the downcomer but 
in all cases this never exceeded one inch of water.
These results are in general agreement with the data
O Gtreported by Thomas and Bhali f and in agreement with these 
workers, the author feels that the limitation of the liquid 
throw beyond the weir to be less than 0.6 times the downcomor 
width seems unnecessary.
1 5 6  -
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2• Residence Times Distribution
The residence time distribution functions were determined 
from the recorder chart trace by first averaging random concen­
tration fluctuations in the three duplicate runs, made at each 
condition. The three traces were then averaged at equally 
spaced intervals of time in the manner developed in Section HI, 
Combined Tray;and Downcomer. System . " '
The effect on the mean of the residence times 'distributions 
of varying the liquid rate from 5 gal./min, to 50 gal,/min. Is 
shown in fig, VII - 31* The general shape of the curves is what 
one would expect, for example, if the volume of the system were to 
remain constant at V, say, then the curve would be a rectangular 
hyperbola vt = V■ =s constant. However, for any of the given 
systems the rate of decrease of the mean residence time with 
increase in the liquid flow rate is not quite as rapid as one 
would expect for a constant volume system, thus there is an indi- 
cation that the volume of the system increases with Increase in 
liquid.flow rate.
Figure VII - 31 shows clearly the effect of increasing the 
capacity of the system; the capacity of the system was increased 
by increasing the width of the downcomer., - ' The variation of the 
mean residence time for the sieve tray incorporating four different 
downcomer widths is shown and it can be seen*that as the downcomer 
width increases so there is a corresponding increase in the mean 
residence time for any given flow rate. For example, the effect
ip
<oNT-
NT
of increasing the downcomer width from 1.75 inches to 5*0 inches 
for a flow rate of 7 gal./min* has the effect of increasing the
mean residence time from 3 'I • 3 secs, to 4-7.1 secs,, while at
50 gal•/min* the mean residence time is increased from 7*6 secs, 
to 9,5 secs. The reason for this increase in mean residence 
time for a given flow rate is probably due to the fact that as 
the downcomer width is increased so there is a corresponding 
increase in the volume of liquid at the bottom of the downcomer.
The liquid hold-up in the combined tray and downcomer 
system may be obtained from the following expression:-
V ft V I t OO 9* 00 09 09 09 9. 90 09 2*1
Where V = The liquid hold-up, cubic feet,
v = The volumetric flow rate, cubic feet/sec. 
t = The mean residence time, secs, for the combined system. 
Figure VII - 32 shows that for a given downcomer capacity 
the total liquid hold-up increases with increase in the liquid 
flow rate. The rate of increase is initially uniform but above 
a flow rate of 35 gal./min. the curves flatten and approach a 
constant value for each downcomer width. It is perhaps doubtful 
whether the hold-up can be equated directly to the actual volume 
of liquid in the system but it is very closely related to it, 
thus one would expect that the volume of liquid in the system 
would be affected by the liquid flow rate in a similar manner.
For a given liquid flow rate the effect of increasing the 
downcomer width is to increase the liquid hold-up of the system;
-  1 5 8  -
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as  s t a t e d  p r e v i o u s l y  t h i s  p r o b a b l y  r e s u l t s  from t h e  i n c r e a s e  i n  
t h e  volume o f  l i q u i d  i n  t h e  downcomer.
S i e v e  T ray  Only
I n v e s t i g a t i o n  o f  t h e  combined s i e v e  t r a y  and downcomer 
s y s te m  i s  v e r y  i m p o r t a n t  b e c a u s e  a  d i s t i l l a t i o n  column i s  b u i l t ,  
up o f  many o f  t h e s e  " u n i t s " .  Such a  complex  s y s t e m ,  h o w ever ,  
i s  n o t  e a s i l y  a n a l y s e d  b e c a u s e  t h e  f lo w  b e h a v i o u r  o f  t h e  f l u i d  
i n  t h e  downcomer i s  . q u i t e  d i f f e r e n t  to  t h a t  on t h e  t r a y .  I t  
w as ,  t h e r e f o r e ,  d e c i d e d  t o  i n v e s t i g a t e  t h e  s i e v e  t r a y  a s  a 
s e p a r a t e  s y s te m .
The e f f e c t  o f  t h e  l i q u i d  f low  r a t e  on t h e  mean r e s i d e n c e  
t im e  o f  t h e  l i q u i d  on t h e  t r a y  i s  shown i n  F i g u r e s  V II  -  35 and 
V II  -  3 8 . F o r  a  g i v e n  w e i r  h e i g h t  and F - .  f a c t o r  t h e  e f f e c t  
o f  i n c r e a s i n g  t h e  l i q u i d  f lo w  r a t e  r e s u l t s  i n  a  v e r y  r a p i d  
i n i t i a l  d e c r e a s e  i n  t h e  mean r e s i d e n c e  t im e  f o l l o w e d  by a more 
g r a d u a l  u n i f o r m  d e c r e a s e .  As o c c u r r e d ,  w i t h . ' t h e  combined t r a y  
and downcomer s y s te m  t h e  r a t e  o f  d e c r e a s e  o f  t h e  mean r e s i d e n c e  
t im e  w i t h  i n c r e a s e  i n  t h e  l i q u i d  f lo w  r a t e  i s  l e s s  t h a n  would  be 
e x p e c t e d  f o r  a c o n s t a n t  volume s y s te m .
F o r  a  g i v e n  w e i r  h e i g h t  t h e  e f f e c t  o f  i n c r e a s i n g  t h e  g a s  
f lo w  r a t e  h a s  s u r p r i s i n g l y  l i t t l e  e f f e c t  on t h e  mean r e s i d e n c e  
t i m e . o f  t h e  l i q u i d  on t h e  t r a y .  F i g u r e  V II  -  3 8 . i l l u s t r a t e s  
t h o  e f f e c t  o f  i n c r e a s i n g  t h e  F -  f a c t o r  o f  t h e '  a i r  f rom 0 .85  
(.190 f t  , ^ / m i n . ) ; t o  F^ = 1 .7 5  (370  , f ‘t . ^ / m i n , ) ,  t h a t  i s ,  p r a c t i c a l l y  
d o u b l i n g  t h e  ; a i r  r a t e .  At h i g h  l i q u i d  f lo w  r a t e s  t h e r e  i s  v e r y  
l i t t l e  a i r  o r  no i n c r e a s e  i n  t h e  mean r e s i d e n c e  t im e  .w h i le -  a t
-  ;159 -  ’ . -I; ■ ’ •!
low l i q u i d  f lo w  r a t e s  t h e r e  i s  o n l y  a v e r y  s l i g h t  i n c r e a s e .  The 
e f f e c t  o f  i n c r e a s i n g  t h e  w e i r  h e i g h t  o f  t r a y  on the- 'mean r e s i d e n c e  
t im e  i s  c l e a r l y  shown i n  F i g u r e  V II  -  35 .  For  a  g i v e n  a i r  f lo w
r a t e  i t  i s  c l e a r  t h a t  a s  t h e  w e i r  h e i g h t  i s  i n c r e a s e d  so t h e r e  
i s  a  c o r r e s p o n d i n g  i n c r e a s e  i n  t h e  mean r e s i d e n c e  t im e  o f  t h e  
l i q u i d  on t h e  t r a y , .  T h i s  i s  c l e a r l y  b e c a u s e  f o r  any g i v e n  l i q u i d  
and g a s  f lo w  . . r a t e s  t h e  volume o f  c l e a r  l i q u i d  c o n t a i n e d  on t h e  . 
t r a y  w i l l  be i n c r e a s e d  as  a  r e s u l t  of. t h e  i n c r e a s e  i n - w e i r  h e i g h t .  
However,  i n c r e a s i n g  t h e  w e i r  h e i g h t  from 3 i n c h e s  t o  4 i n c h e s  
does  n o t  h ave  a s  g r e a t  an e f f e c t  on t h e  mean r e s i d e n c e  t im e  a s  
would r e s u l t  i f  t h e  volume of. c l e a r  l i q u i d  on t h e  t r a y  were  e q u a l  
t o  t h e  w e i r  h e i g h t ,  . ;
. T h e . l i q u i d  h o l d - u p . o n  t h e  t r a y  a s  o b t a i n e d  from t h e  p r o d u c t  
o f  t h e  moan r e s i d e n c e  t im e  and t h e  v o l u m e t r i c  f lo w  r a t e  was. 
o b t a i n e d  a s  a  f u n c t i o n  o f  w e i r  h e i g h t , l i q u i d  and gas  f lo w  r a t e s .  
I t  was n o t e d  t h a t  t h e r e  'was v e r y  l i t t l e  e f f e c t  on t h e  mean
r e s i d e n c e  t im e  when t h e  g a s  f l o w  r a t e  was r a i s e d  from 19 0  f t . ^ / m i n
■2 s ' 
t o  370 f t .  / m i n .  From t h i s  r e s u l t  i t  can  be  i n f e r r e d  t h a t . t h e
volume o f  l i q u i d  c o n t a i n e d  on t h e  t r a y  i s  i n d e p e n d e n t  o f  t h e  g a s
f lo w  r a t e .  T h i s  i s  i n  s p i t e  o f  t h e  f a c t  t h a t  t h e  h e i g h t  o f  t h e
a e r a t e d  mass on t h e  t r a y  i s  i n c r e a s e d  c o n s i d e r a b l y  w i t h  i n c r e a s e
i n  t h e  g a s •f lo w  r a t e .  I t  t h u s  a p p e a r s  t h a t  t h e  f l u i d  on th e .  t r a y
" e x p a n d s "  r a t h e r  l i k e  a  f l u i d i s e d  bed  and t h a t  t h e  i n c r e a s e  i n
volume i s  due t o  i n c r e a s e  o f  t h e  g a s  h o l d - u p  and n o t  t o  any
increase in liquid hold*-up. This result is in agreement with the
-  160  -
f i n d i n g s  o f  t h e  hydrodynam ic  s t u d y  when i t  was found  t h a t  t h e  
c l e a r  l i q u i d  h e i g h t  on t h e  t r a y  was v i r t u a l l y  i n d e p e n d e n t  o f  
g a s  f lo w  r a t e .
The l i q u i d  h o l d - u p  on t h e  t r a y  was found  t o  i n c r e a s e  
l i n e a r l y  w i t h  i n c r e a s e  i n  t h e  l i q u i d  f lo w  r a t e ,  a g a i n  t h i s  
r e s u l t  i s  i n  a g re em e n t  w i t h  t h e  hydrodynam ic  s t u d y  w h ic h -g a v e  a 
l i n e a r  i n c r e a s e  i n  c l e a r  l i q u i d  h e i g h t  w i t h  i n c r e a s e  i n  g a s  f l o w  
r a t e ,
3•  E x t e n t  o f  L i q u i d  M ix ing
Tiie v a r i a n c e ,  o r  s e c o n d  moment a b o u t  t h e  mean, o f  t h e  
r e s i d e n c e  t i m e s  d i s t r i b u t i o n  i s  d e f i n e d  by t h e  f o l l o w i n g  e q u a t i o n  
0©  = j ( t  -  t )  E ( t )  d t  , . *0 , ,  an 3*1\r QlJ
Where E ( t ) d t  = The e x i t  r e s i d e n c e  t im e  d i s t r i b u t i o n  f u n c t i o n
and t  = The- mean r e s i d e n c e  t i m e ,  s e c o n d s .
Thus cr. “ h a s  u n i t s  o f  ( secon d s )* 1.
The v a r i a n c e  may a l s o  be d e f i n e d  i n  an a l t e r n a t i v e ,  d imen­
s i o n l e s s  form:
/ ■rifi
( ' I  -  © ) 2  t  ( © )  a e  . .  . .  . .  . .  3 . 2
2Xn w hich  cr i s  t h e  d i m e n s i o n l e s s  v a r i a n c e  and © d i m e n s i o n l e s s  
t i m e ,
2  ~~ 2  2I t  i s  o f  i n t e r e s t  t o  n o t e  t h a t  cr t  ~ cr •lij
The v a r i a n c e  i s  a  m ea su re  o f  t h e  s p r e a d  o f  t h e . d i s t r i b u t i o n  
a b o u t  t h e  mean and i s  t h u s  a  m ea su re  o f  t h e  e x t e n t  o f  t h e  l i q u i d  
m ix in g  i n  a  s y s t e m .
Combined T ray  and Downcomer Sys tem
I t  i s  d i f f i c u l t  t o  d e t e r m i n e  t h e  b e s t  m a n n e r . o f  e x p r e s s i n g
- 1 6 1 «
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t h e  e f f e c t  o f  v a r i a t i o n ,  i n  l i q u i d  f lo w  r a t e ,  on t h e  v a r i a n c e  o f  
t h e  r e s i d e n c e  t im e s  d i s t r i b u t i o n *  T h is  i s  f u r t h e r  c o m p l ic a te d -  • 
by t h e  f a c t  t h a t  i n  a  complex  s y s te m  su c h  as  t h e  combined t r a y  
and downcomer t h e r e ' a p p e a r  t o  be  t w o ' s e p a r a t e  and d i s t i n c t  m ix in g  
r e g i o n s ,  t h a t  i s ,  t h e  ty p e  o f  f lo w  w h ic h  w i l l  o c c u r  i n  t h e  down­
comer w i l l  be q u i t e  d i f f e r e n t  f rom t h a t  which  o c c u r s  on t h e  t r a y .
• .. ' . ’ 2  
A d i r e c t  p l o t  o f  v a r i a n c e ,  o r  cf  ^ , a g a i n s t  t h e  l i q u i d  f l o w
r a t e  c an  be made b u t ' w i l l  n o t  y i e l d  a  g r e a t  d e a l  o f  u s e f u l  i n f o r ­
m a t i o n  e s p e c i a l l y  i f  c o m p a r i s o n  o f  s e v e r a l  s y s te m s  i s  r e q u i r e d .
2Such a  p l o t ,  w i l l  y i e l d  a , s e r i e s  o f  smooth c u r v e s  i n  which  , 
w i l l  be i n f i n i t e  a t  z e r o  f l o w  r a t e ,  i t  w i l l  t h e n  d e c r e a s e  r a p i d l y  
w i t h  i n c r e a s e  i n  l i q u i d  f lo w  r a t e  t o  g i v e  f i n a l l y  a  smooth g r a d u a l  
d e c r e a s e  i n  v a r i a n c e .
F o r  c o m p a r a t i v e  p u r p o s e s  a  p l o t  o f  d i m e n s i o n l e s s  v a r i a n c e ,
2  ' 
o' , a g a i n s t  t h e  l i q u i d  f lo w  r a t e  g i v e s  much more i n f o r m a t i o n .
F i g u r e  V II  - 3 3  shows t h a t  f o r  a  g i v e n  s y s te m  t h e  v a r i a n c e  i s
p r a c t i c a l l y  c o n s t a n t  a t  low v a l u e s  o f  l i q u i d  f l o w  r a t e  b u t  t h a t
a s  t h e  l i q u i d  f l o w  r a t e  i s  i n c r e a s e d  t h e  v a r i a n c e  d e c r e a s e s
r a p i d l y *  T h i s  r e s u l t  i s  a g a i n  i l l u s t r a t e d  q u i t e  s t r i k i n g l y  i n
F i g u r e  V II  -  34 which  i s  a  p l o t  o f  t h e  d i m e n s i o n l e s s  v a r i a n c e
a g a i n s t  t h e  mean r e s i d e n c e  t i m e .  For  any g i v e n  sy s te m  t h e
v a r i a n c e  i s  s e e n  t o  i n c r e a s e  l i n e a r l y  from zero ,  a t  z e r o  f lo w  r a t e
and t h e n  g r a d u a l l y  t a i l  o f f  t o  an a p p r o x i m a t e l y  c o n s t a n t  v a l u e .
I t  i s  o f  i n t e r e s t  t o  n o t e  t h a t  i n  t h e  r e g i o n  o f  0 -  15 s e c o n d s ,
the-dimensionless variance is directly proportional to the mean
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F I G  V I I - 3 7
DIMENSIONLESS VARIANCE FOR TRAY
V. MEAN RESIDENCE TIME
H 3 "  WEIR 
»  4 "  WEIR
fa:
r e s i d e n c e  t i m e ,  o r  a l t e r n a t i v e l y  a t  h ig h  v a l u e s  o f  l i q u i d  f lo w  
r a t e s  t h e  v a r i a n c e  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  l i q u i d  f lo w  
r a t e .  I n s p e c t i o n  o f  F i g u r e s  V I I  -  33 ®ndi V II  -  3 -^ show t h e  
e f f e c t  o f  v a r i a t i o n  i n  downcomer c a p a c i t y  on t h e  d e g re e  o f  
m ix in g ;  i t  i s  q u i t e  c l e a r l y  s o e n  t h a t  f o r  a  g i v e n  mean r e s i d e n c e  
t im e  o r  a  g i v e n  v o l u m e t r i c  f lo w  r a t e ,  a s  t h e  downcomer w i d t h  i s  
i n c r e a s e d  so t h e r e  i s  a  d e c i ’e a s e  i n  t h e  d i m e n s i o n l e s s  v a r i a n c e .  
T h i s  would i n d i c a t e  t h a t  t h e  t y p e  o f  f lo w  o c c u r r i n g  i n  t h e  down- 
comer i s  much n e a r e r  t o  p l u g  f lo w  t h a n  t h a t  on t h e  t r a y .
The e x t e n t  o f  l i q u i d  m ix in g  on t h e  s i e v e  t r a y  was i n v e s t i ­
g a t e d  a s  a  f u n c t i o n  o f  l i q u i d  f lo w  r a t e ,  weir  h e i g h t  and gas  
f lo w  r a t e .  As i n  t h e  c a s e  o f  t h e  combined t r a y  and downcomer
s y s te m  t h e  e x t e n t  o f  l i q u i d  m ix in g  i s  b e s t  c h a r a c t e r i s e d  by t h e
2d i m e n s i o n l e s s  v a r i a n c e ,  cr , o f  t h e  r e s i d e n c e  t im e  d i s t r i b u t i o n ,  
F i g u r e  V I I  ~ 36 shows t h e  e f f e c t  o f  l i q u i d  f lo w  r a t e  011 
t h e  e x t e n t  o f  l i q u i d  m ix in g  on t h e  t r a y ;  i t  i s  c l e a r  t h a t  a s  t h e  
l i q u i d  f lo w  r a t e  i n c r e a s e s  t h e r e  i s  a  g r a d u a l  d e c r e a s e  i n  d im en-  
s i o n l e s s  v a r i a n c e  i n d i c a t i n g  t h a t  t h e  d e g r e e  o f  l i q u i d  m ix in g  
d e c r e a s e s  w i t h  i n c r e a s e  i n  l i q u i d  f lo w  r a t e .
F i g u r e  V I I  -  36 a l s o  shows t h a t  i n c r e a s e  i n  w e i r  h e i g h t  
a l s o  d e c r e a s e s  t h e  e x t e n t  o f  l i q u i d  m ix in g  on t h e  t r a y ,
B oth  t h e  above r e s u l t s  a r e  a g a i n  e v i d e n c e  i n  F i g u r e  
V I I  -  3 7 3 which  i s  a  p l o t  o f  d i m e n s i o n l e s s  v a r i a n c e  a g a i n s t  t h e  
mean r e s i d e n c e  t im e  o f  t h e  l i q u i d  011 t h e  t r a y .  Fo r  a  g i v e n
- 163 -
mean r e s i d e n c e  t im e  t h e  v a r i a n c e  f o r  t h e  t r a y  i n c o r p o r a t i n g  t h e  
3  i n c h  w e i r  i s  a lw ay s  g r e a t e r  t h a n  t h a t  f o r  t h o  4 i n c h  w e i r  
s y s t e m .
As w i t h  t h e  t r a y  and downcomor s y s te m  t h e  d i m e n s i o n l e s s  
v a r i a n c e  e x h i b i t s  an i n i t i a l  l i n e a r  i n c r e a s e  w i t h  i n c r e a s e  i n  
mean r e s i d e n c e  t i m e .  However, a t  mean r e s i d e n c e  t im e s  above 
t e n  s e c o n d s  t h e  r a t e  o f  i n c r e a s e  t a i l s  o f f  and t h e  v a r i a n c e  
r e a c h e s  an a p p r o x i m a t e l y  c o n s t a n t  v a l u e  f o r  e ac h  o f  t h e  3 and 4 
i n c h  w e i r  s y s t e m s .
The e f f e c t  o f  g a s  f l o w  r a t e  on t h e  e x t e n t  o f  l i q u i d  m ix in g  
was o b t a i n e d  by m e a s u r i n g  t h e  v a r i a n c e  o f  t h e  r e s i d e n c e  t im e
7 ; 7
d i s t r i b u t i o n  a t  g a s  f l o w  r a t e s ,  o f  190  f t *  / m i n .  and 370  f t . © m i n .  
o v e r  a  s e r i e s  o f  l i q u i d  f l o w  r a t e s .  I t  i s  c l e a r  from t h e  
r e s u l t s  t h a t  t h e  v a r i a n c e ,  and t h u s  t h e  d e g r e e  o f  l i q u i d  m ix in g  
on  t h e  t r a y  i s  s u b s t a n t i a l l y  i n d e p e n d e n t  o f  g a s  f l o w  r a t e ,
P a r t i c u l a r  i m p o r t a n c e  may be a t t a c h e d  t o  F i g u r e s  V II  -  36 
and- V II  « 37 b e c a u s e  e ach  i m p l i e s  t h a t  o v e r  t h e  h i g h  l i q u i d  f lo w  
r a t e s  employed i n  i n d u s t r y  t h e r e  i s  a  l i n e a r  r e l a t i o n s h i p  b e tw ee n  
t h e  e x t e n t  o f  l i q u i d  m ix in g  and t h e  mean r e s i d e n c e  t i m e .  A lso  
t h a t  a s  t h e  mean r e s i d e n c e  t im e  t e n d s  t o  z e r o  so t h e  v a r i a n c e  
a l s o  t e n d s  t o  z e r o .  Thus a s  t h e  l i q u i d  r a t e  i n c r e a s e s  t h e  t y p e  
o f  f lo w  o c c u r r i n g  i n  t h e  s y s t e m  t e n d s  t o w a rd s  p l u g  f l o w . -  A 
t h e o r e t i c a l  r e l a t i o n  h a s  b e en  d e r i v e d  i n  L e c t i o n  I I I  which  
p r e d i c t s  t h e  above r e s u l t :
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F I G U R E  V I I  -  4 3  
E D D Y  D I F F U S I O N  C O E F F I C I E N T  V .  M E A N  A X I A L  V E L O C I T Y
& 3 ” w e i r
x  4 ” w e i r
Whore cr* =; The d i m e n s i o n l e s s  v a r i a n c e .
t  =; The mean r e s i d e n c e  t i m e ,  s e c s .
D =: An e d d y - d i f f u s i o n  c o e f f i c i e n t ,  f t .  / s e c .
L = A l e n g t h  f a c t o r  f o r  t h e  s y s te m ,  f t .
E q u a t i o n  3*3 p r e d i c t s  t h a t  f o r  a  c o n s t a n t  v a l u e  o f  D and L, t h e  
2v a r i a n c e ,  cr , i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  mean r e s i d e n c e  
t i m e ,  t ,  and a l s o  t h a t  a s  t  t e n d s  to  z e r o  so  o' ^ a l s o  t e n d s  t o  
z e r o .
I t  h a s  b e en  shown t h a t  t h e  r e l a t i o n  i m p l i e d  i n  e q u a t i o n  3*3 
h o l d s  o n l y  o v e r  low v a l u e s  o f  mean r e s i d e n c e  t i m e ,  t h a t  i s ,  t h e  
r e l a t i o n  h o l d s  o n l y  f o r  h i g h  v a l u e s  o f  l i q u i d  f lo w  r a t e . T h i s  
l i m i t a t i o n  on e q u a t i o n  3 * 3  i s  t o  be  e x p e c t e d  s i n c e  i n  i t s  d e r i v a ­
t i o n  one o f  t h e  s i m p l i f y i n g  a s s u m p t io n s  made i s  t h a t  t h e  r a t i o  
<£ 1 ; t h i s  c o n d i t i o n  w i l l  o b v i o u s l y  n o t  be v a l i d  a s  U t e n d s
V t i-J «
t o  z e r o .
I t  i s  p o s s i b l e  t o  c h a r a c t e r i s e  t h e  d e g r e e  o f  l i q u i d  m ix in g  
by t h e  u s e  o f  t h e  e d a y - d i f f u s i o n  con ce p t*  T here  a r e  s e v e r a l  
m ethods  by which  t h e  e d d y - d i f f u s i o n  c o e f f i c i e n t  may be  m easu re d  
f o r  a  g i v e n  s y s t e m ,  one sucjv method i n v o l v e s  t h e  u se  o f  e q u a t i o n
3*3*
V a lu e s  o f  t h e  e d d y - d i f f u s i o n  c o e f f i c i e n t  computed from 
e q u a t i o n  3 * 3  a r e  shown p l o t t e d  a g a i n s t  t h e  mean a x i a l  v e l o c i t y  
o f  f lo w  a c r o s s  t h e  t r a y  i n  F i g u r e  T i l  -  4 8 .  Fo r  s m a l l  v a l u e s  o f  
mean a x i a l  v e l o c i t y  t h e  p o i n t s  r e p r e s e n t i n g  t h e  d i f f u s i o n  c o e f ­
f i c i e n t s  f o r  b o t h  t h e  3 i n c h  and 4 i n c h  w e i r  s y s te m s  a r e  w e l l
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r e p r e s e n t e d  by a  s i n g l e  s t r a i g h t  l i n e  p a s s i n g  t h r o u g h  t h e  o r i g i n ;  
However,  a t  h i g h  v a l u e s  o f  l i q u i d  f lo w  v e l o c i t y  t h e  r a t e  o f  
i n c r e a s e  i n  t h e  d i f f u s i o n  c o e f f i c i e n t  t a i l s  o f f  and t h e  d i f f u s i o n  
c o e f f i c i e n t  t e n d s  t o  a  c o n s t a n t  v a l u e  f o r  e ac h  o f  t h e  s y s t e m s .
Tho r e s u l t s  o f  t h e  l i q u i d  m ix in g  s t u d y  may be sum m ar ised  
a s  f o l l o w s : -
1 . The t y p e  o f  l i q u i d  f lo w  o c c u r r i n g  i n  t h e  downcomer
i s  much n e a r e r  t o  p l u g  f lo w  t h a n  t h a t  on t h e  t r a y .  The e f f e c t  
i s  i n c r e a s e d  w i t h  i n c r e a s e  i n  downcomer w i d t h .
2 .  The v a r i a n c e  o f  t h e  r e s i d e n c e  t im e  d i s t r i b u t i o n  o',t
2s e c .  , d e c r e a s e s  s h a r p l y  w i t h  i n c r e a s e  i n  t h e  l i q u i d  f lo w  r a t e ,
o r  a l t e r n a t i v e l y  w i t h  d e c r e a s e  i n  mean r e s i d e n c e  t i m e .  T h i s
r e s u l t  i s  i n  a g re e m e n t  w i t h  t h e  t h e o r e t i c a l  d e r i v a t i o n s  o f
37S e c t i o n  I I I  and w i t h  t h e  p r e v i o u s  work o f  F o s s  e t  a l ,  and o f  
G i l b e r t ^ .
From S e c t i o n  I I I
0 \  ~ = 2 L D  o o  o o  . »  . o  . »  •  o  • •  a .  3 * 4
Thus f o r  a  c o n s t a n t  v a l u e  o f  D and L, i t  would  be  e x p e c t e d  t h a t  
2cr  ^ would d e c r e a s e  r a p i d l y  w i t h  i n c r e a s e  i n  l i q u i d  f lo w  r a t e .
3 7F o s s  e t  a l .  c o r r e l a t e d  t h e i r  l i q u i d  m ix in g  r e s u l t s  by
p l o t t i n g  t h e  r a t e  o f  i n c r e a s e  i n  v a r i a n c e  a c r o s s  t h e  t r a y  p e r
u n i t  h e i g h t  o f  l i q u i d  h o l d - u p  on e h t  t r a y  a s  a  f u n c t i o n  o f  t h e
p r o d u c t  o f  f r o t h  d e n s i t y  and mean l i q u i d  v e l o c i t y  a c r o s s  t h e  t r a y .
The b e s t  l i n e  t h r o u g h  t h e i r  r e s u l t s  gave  t h e  f o l l o w i n g  e q u a t i o n :  
^ 2
15Gilbert ' used a similar correlation o.nd found the following
e q u a t i o n  gave  t h e  b e s t  f i t  t o  h i s  r e s u l t s
2
= 0 . 9  (0U) “ 2 *4 O ft 3 . 6
G
However,  a s  p o i n t e d  o u t  p r e v i o u s l y ,  t h e  v a r i a n c e  o f  t h e
r e s i d e n c e  t im e  d i s t r i b u t i o n  i n  i t s  d i m e n s i o n a l  form i s  n o t  a
c o n v e n i e n t  c o n c e p t  by which  c o m p a r i s o n  o f  t h e  e x t e n t  o f  l i q u i d
m ix in g  i n  two s y s te m s  may be made.  Fo r  exam p le ,  i t  i s  q u i t e
p o s s i b l e  i n  a  l a r g e  c a p a c i t y  s y s te m  which  f o r  a  g i v e n  s e t  o f
2o p e r a t i n g  c o n d i t i o n s  h a s  a  v a r i a n c e  o f  100  s e c .  , . f o r  t h e  e x t e n t
o f  l i q u i d  m ix in g  t c  be  l o s s  t h a n  t h a t  o c c u r r i n g  i n  a  s m a l l
2
c a p a c i t y  s y s te m  which  h a s  a  v a r i a n c e  o f  20  s e c .  .
3 .  Fo r  e ach  o f  t h e  s y s t e m s  i n v e s t i g a t e d  t h e  d i m e n s i o n l e s s  
v a r i a n c e  r e m a in e d  s e n s i b l y  c o n s t a n t  a t  loxz v a l u e s  o f  l i q u i d  f lo w  
r a t e ,  h o w ev er ,  a t  h i g h  v a l u e s  t h e  v a r i a n c e  d e c r e a s e d  w i t h  i n c r e a s e  
i n  l i q u i d  f lo w  r a t e .
4 ,  The d i m e n s i o n l e s s  v a r i a n c e  f o r  each  o f  t h e  sy s te m s  
i n v e s t i g a t e d  e x h i b i t e d  an i n i t i a l  l i n e a r  i n c r e a s e  w i t h  i n c r e a s e  
i n  mean r e s i d e n c e  t i m e .  However,  a t  h i g h  v a l u e s  o f  mean 
r e s i d e n c e  t im e  t h e  r a t e  o f  i n c r e a s e  f a l l s  o f f  t o  g i v e  a. c o n s t a n t  
v a l u e  o f  v a r i a n c e  f o r  e ac h  s y s t e m .  I t  i s  o f  i n t e r e s t  t o  n o t e  
t h a t  t h e  p l o t  o f  t h e  v a r i a n c e  a g a i n s t  t h e  mean r e s i d e n c e  t im e  
p a s s e s  t h r o u g h  t h e  o r i g i n  f o r  a l l  t h e  s y s te m s  i n v e s t i g a t e d .
The above two r e s u l t s  im p ly  t h a t  a t  low l i q u i d  f lo w  r a t e s  
t h e  d e g r e e  o f  l i q u i d  m ix in g  r e m a in s  s e n s i b l y  c o n s t a n t  b u t  t h a t  
a s  t h e  l i q u i d  f l o w  r a t e  i s  i n c r e a s e d  t h e n  t h e  t y p o  o f  l i q u i d
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f l o w  i n  t h e  s y s t e m  t e n d s  to w a rd s  p l u g  f l o w .  The most  p r o b a b l e  
r e a s o n  f o r  t h i s  r e s u l t  i s  t h a t  l i q u i d  momentum i s  one o f  t h e  
f u n d a m e n ta l  f a c t o r s  i n  d e t e r m i n i n g  t h e  d e g r e e  o f  l i q u i d  m ix i n g .
The g r e a t e r  t h e  l i q u i d  momentum t h e  g r e a t e r  w i l l  be t h e  t e n d e n c y
f o r  t h e  l i q u i d  t o  r e m a in  i n  u n i f o r m  m o t io n  a c r o s s  t h e  t r a y  and 
t h e  more d i f f i c u l t  i t  w i l l  be  f o r  any e x t e r n a l  f o r c e  t o  change  
t h e  v e l o c i t y  v e c t o r  o f  a  g i v e n  f l u i d  e l e m e n t .
5 .  The e x t e n t  o f  l i q u i d  m ix in g  on t h e  s i e v e  t r a y  i n c r e a s e s  
w i t h  d e c r e a s e  i n  w e i r  h e i g h t .  T h is  r e s u l t  c a n n o t  bo e x p l a i n e d  
p u r e l y  i n  t e r m s  o f  l i q u i d  momentum a c r o s s  t h e  t r a y .  Fo r  a  g i v e n  
l i q u i d  f lo w  r a t e  t h e  v e l o c i t y  o f  f low  and t h u s  t h e  momentum w i l l  
be i n c r e a s e d  t h u s  one would,  e x p e c t  t h e  d e g r e e  o f  l i q u i d  m ix in g  t o
d e c r e a s e  w i t h  d e c r e a s e  i n  w e i r  h e i g h t .  Thus i t  i s  a p p a r e n t  ■
t h a t  t h e  g e o m e t r i c a l  s h a p e  o f  t h e  sy s te m  w i l l  e f f e c t  t h e  e x t e n t  
o f  l i q u i d  m ix in g .
6 . The e x t e n t  o f  l i q u i d  m ix in g  011 t h e  s i e v e  t r a y  was
i n s e n s i t i v e  t o  v a r i a t i o n s  i n  t h e  g a s  f lo w  r a t e .  T h i s  r e s u l t
1 5  5 7  5 5i s  i n  a g re e m e n t  w i t h  e a r l i e r  w o r k e r s  " ’ ’ ^ .
•
p
7 .  V a lu e s  o f  e d d y - d i f f u s i v i t y  i n  t h e  r a n g e  0 ,0 1 1 5  f t .  / s e c .
2
t o  0 .030 3  f t .  / s e c .  were  o b t a i n e d  o v e r  t h e  r a n g e  o f  o p e r a t i n g  
c o n d i t i o n s  i n v e s t i g a t e d .  At low v a l u e s  o f  l i q u i d  f lo w  r a t e  
the- e d d y - d i f f u s i v i t y  i n c r e a s e s  l i n e a r l y  f rom z e r o  w i t h  i n c r e a s e  
i n  t h e  mean a x i a l  v e l o c i t y .  A lso  a t  t h e s e  low v a l u e s  o f  l i q u i d  
f l o w  r a t e  t h e  p o i n t s  r e p r e s e n t i n g  t h e  e d d y - d i f  f u s i o n  c o e f f i c i e n t s  
f o r  b o t h  t h e  3  i n c h  and t h e  4 i n c h  w e i r  s y s t e m s  l i e  011 t h e  same 
s t r a i g h t  l i n e .
-  168  -
F I G  V I I - 3 9
LIQUID FLOW RATE Gal/fein
At h i g h  v a l u e s  o f  l i q u i d  f low '1 r a t e  t h e  eddy d i f f u s i o n  
c o e f f i c i e n t  t e n d s  t o  a  c o n s t a n t  v a l u e  f o r  e ach  s y s te m ,
l/Velch et.  a l ,  a l s o  r e p o r t  t h a t  on t h e  b a s i s  o f  t h e  e d d y -  
d i f f u s i o n  f o r  t u r b u l e n t  m ix in g  ( i . e ,  h i g h  l i q u i d  f low  r a t e s )  t h a t  
t h e  f o l l o w i n g  r e l a t i o n  b e tw ee n  t h e  d i f f u s i o n  c o e f f i c i e n t  and t h e  
mean a x i a l  v e l o c i t y  was o b t a i n e d  f o r  b a l l a s t  t r a y s :  ;
D « 0.29 U. ' • 1 '
VThere D = The e d d y - d i f f u s i o n  c o e f f i c i e n t  ( s q u a r e  f e e t / s e c . )
U = The mean a x i a l  v e l o c i t y ’ ( f t . / s e c . )
4 ,  Mass T r a n s f e r  E f f i c i e n c y  S tu d y  ,
The sy s te m  i n v e s t i g a t e d  a i r - o x y g e n - a q u e o u s  g l y c e r o l  sy s te m ;  
a s  t h i s  i s  a  l i q u i d  p h a s e  c o n t r o l l i n g  sy s te m  t h e  e f f i c i e n c i e s  
o b t a i n e d  may be  r e g a r d e d  a s  p u r e  l i q u i d  p h a s e  e f f i c i e n c i e s .  The 
e f f i c i e n c y  o f  mass t r a n s f e r  f o r  t h i s  sy s te m  was i n v e s t i g a t e d  a s  
a  f u n c t i o n  o f  g a s  f lo w  r a t e ,  l i q u i d  f lo w  r a t e  and g e o m e try  o f  t h e  
a p p a r a t u s .
I n v e s t i g a t i o n  o f  F i g u r e  V II  -  39 shows t h a t  t h e  Murphree 
p l a t e  e f f i c i e n c y  f o r  t h e  a i r - o x y g e n - a q u e o u s  g l y c e r o l  s y s te m  i s  
g r e a t l y  a f f e c t e d  by v a r i a t i o n  o f  l i q u i d  f l o w  r a t e  b u t  e x h i b i t s  
o n l y  a  s l i g h t  i n c r e a s e  w i t h  i n c r e a s e  i n  t h e  g a s  f lo w  r a t e .
For  a  g i v e n  a i r  r a t e  t h e  mass t r a n s f e r  e f f i c i e n c y  d e c r e a s e s  
s h a r p l y  w i t h  ' i n c r e a s e  i n  t h e  l i q u i d  f lo w  r a t e . .  F o r  ex am p le ,  :- 
f o r  an F^ f a c t o r  o f  1 .2  c h a n g in g  t h e  ' l i q u i d  f l o w  r a t e  f rom - 
3 g a l s . / m i n ,  t o  35 g a l s , / m i n ,  h a s  t h e  e f f e c t  o f  d e c r e a s i n g  t h e  
mass t r a n s f e r  e f f i c i e n c y  from 89% to  38%, T h is  dependence ,  o f
- : ' ’ - 169 - " - ",
V  L «  
o  L =
+ L *s
5 , 4  S ^ l A i i n
* * • 7  g a l / n i n
1 6 • 7 g a l / n i n
x  L ~  l l ' J  g a l / m i n  
a  L J  ? ? * *  g a l /m i"
• g  g a l / m i n
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F I G  V I I - 4 4
t h e  l i q u i d  p h a s e  mass t r a n s f e r  e f f i c i e n c y  on t h e  l i q u i d . f lo w
j q Zf fn 14-
r a t e  h a s  b een  r e p o r t e d  by p r e v i o u s  w o rk e r s  5 9  9 1 .
I t  i s  e v i d e n t  f rom e x a m in a t io n  o f  F i g u r e  V I I  -  39 and o f  
F i g u r e  V II  -  4-0 t h a t  t h e  l i q u i d  p h a se  mass t r a n s f e r  e f f i c i e n c y  
i s  i n s e n s i t i v e  t o  c h a n g e s  i n  t h e  g a s  f lo w  r a t e .  F o r  example  
i n c r e a s i n g  t h e  F^ f a c t o r  a t  a  l i q u i d  f lo w  r a t e  o f  4-0 g a l s . / m i n ,  
o n l y  i n c r e a s e s  t h e  mass t r a n s f e r  e f f i c i e n c y  f rom 34% t o  3 8 . 9%- 
T h i s  r e s u l t  i s  i n  good a g reem en t  with  d a t a  r e p o r t e d  by o t h e r  
w o r k e r s 1 7 - 1 1  - 1\
T ray  and Downcomer System
I t  was  c o n s i d e r e d  i m p o r t a n t  t o .i n v e s t i g a t e  t h e  combined 
t r a y  and downcomer s y s t e m  s i n c e  t h i s  i s  t h e  a c t u a l  " u n i t "  o f  a  
d i s t i l l a t i o n  co lum n.  E x a m in a t io n  o f  t h e  r e s u l t s  shows t h a t  
t h e r e  i s  a  s i g n i f i c a n t  i n c r e a s e  i n  t h e  mass t r a n s f e r  e f f i c i e n c y  
when t h e  downcomer i s  t a k e n  i n t o  a c c o u n t .  The e f f e c t  i s  
i n c r e a s e d  w i t h  i n c r e a s e  i n  downcomer w i d t h ;  t h u s  on t h i s  b a s i s  
i t  m ig h t  be c o n c lu d e d  t h a t  a  l a r g e  downcomer would be  b e n e f i c i a l  
f rom t h e  s t a n d p o i n t  o f  mass t r a n s f e r  e f f i c i e n c y .
I n  a g re em e n t  w i t h  t h e  r e s u l t s  f o r  t h e  s i e v e  t r a y  s y s t e m  i t  
was found  t h a t  t h e  mass t r a n s f e r  e f f i c i e n c y  f o r  t h e  combined 
s y s te m  d e c r e a s e d  s h a r p l y  w i t h  i n c r e a s e  i n  l i q u i d  f low  r a t e  and 
i n c r e a s e d  s l i g h t l y  w i t h  i n c r e a s e  i n  g a s  f lo w  r a t e .  I t  i s  
u n l i k e l y  t h a t  v a r i a t i o n  o f  t h e  g a s  f lo w  r a t e  w i l l  have  any e f f e c t  
on t h e  e f f i c i e n c y  o f  mass t r a n s f e r  i n  t h e  downcomer o t h e r  t h a n  
by e f f e c t i n g  t h e  c o n c e n t r a t i o n  o f  oxygen i n  t h e  t r a y  e x i t  s t r e a m ,
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FIG VII-41
MURPHREE EFFICIENCY V. MEAN RESIDENCE THE
(TRAY CNLY)
I
X  F » 1.20 A
Q F. = 1 .7 0
A • ,
MEAN RESIDENCE TIME (secs )
5•  E f f e c t  o f  L i q u i d  R e s id e n c e  Time on t h e  Mass T r a n s f e r
E f f i c i e n c y  . '
I t  i s  i m p o r t a n t  t o  t r y  t o  e s t a b l i s h  t h e  f u n d a m e n ta l  f a c t o r s  
e f f e c t i n g  t h e  mass t r a n s f e r  e f f i c i e n c y  i n  a  d i s t i l l a t i o n  co lum n.
I n  any r a t e  p r o c e s s  t im e  i s  o b v i o u s l y  g o in g  t o  be  a  v e r y  i m p o r t a n t  
v a r i a b l e ,  t h u s  i t  wo.uld be e x p e c t e d  t h a t  any v a r i a b l e  which  
e f f e c t s  t h e  r e s i d e n c e  t im e  o f  t h e  l i q u i d  on t h e  t r a y  w i l l  have  
an  e f f e c t  bn t h e  mass * t r a n s f e r  e f f i c i e n c y .  The mass t r a n s f e r  
e f f i c i e n c y  was i n v e s t i g a t e d  a s  a  f u n c t i o n  o f  l i q u i d  f low  r a t e ,  
g a s , f low  r a t e  and t h e  g e o m e try  o f  t h e  downcomer s y s te m .  I t  i s  
p r o p o s e d  to  t r y  t o  e s t a b l i s h  what  e f f e c t ,  i f  an y ,  t h e s e  v a r i a b l e s  
h a v e  on t h e  mass t r a n s f e r  e f f i c i e n c y  d i s t i n c t  f rom any e f f e c t  on 
t h e  l i q u i d  r e s i d e n c e  t i m e .  The b e s t  method o f  o b t a i n i n g  t h i s  . 
i n f o r m a t i o n  i s  t o  p l o t  t h e  mass t r a n s f e r  e f f i c i e n c y  a g a i n s t  th e .  
mean r e s i d e n c e  t im e  o f  t h e  l i q u i d  a t  e ach  c o n d i t i o n  i n v e s t i g a t e d .
. F i g u r e  V I I  -  41 shows t h e  v a r i a t i o n  i n  mass t r a n s f e r  e f f i ­
c i e n c y  w i t h  v a r i a t i o n  i n  t h e  mean r e s i d e n c e  t im e  o f  t h e  l i q u i d  on 
t h e  t r a y  a t  two d i f f e r e n t  a i r  r a t e s .  I t  i s  c l e a r :  t h a t  a s  t h e  
mean r e s i d e n c e  t im e  i s  i n c r e a s e d  so  t h e r e  i s  a  c o r r e s p o n d i n g  
i n c r e a s e  i n  t h e  e f f i c i e n c y  and a l s o  t h a t  t h e  e f f i c i e n c y  w i l l  
a p p ro a c h  100% a s  an  a s y m p to te  a s  t h e  mean r e s i d e n c e  t im e  t e n d s  
t o  i n f i n i t y ,  A  r e s u l t  o f  t h i s  n a t u r e  i s  t o  be  e x p e c t e d  s i n c e  
t h e  l o n g e r  t h e  r e s i d e n c e  t im e  o f  t h e  l i q u i d  oh t h e  t r a y  t h e  
l o n g e r  w i l l  be t h e  l i q u i d - g a s  c o n t a c t  t i m e ,  t h i s  w i l l  r e s u l t  i n  
a ; g r e a t e r  amount o f  mass t r a n s f e r r e d  and t h u s  i n c r e a s e  t h e  mass 
t r a n s f e r  e f f i c i e n c y .
F i g u r e  V II  -  41 a l s o  shows t h a t  f o r  a  g i v e n  l i q u i d  mean 
r e s i d e n c e  t im e  t h e  Murphree  l i q u i d  e f f i c i e n c y  i s  i n c r e a s e d  
s l i g h t l y  w i t h  i n c r e a s e  i n  t h e  g a s  f lo w  r a t e *  T h ere  h a s  b e e n  
c o n s i d e r a b l e  s p e c u l a t i o n  a s  to  t h e  r e a s o n  f o r  t h e  s m a l l n e s s  o f
t h e  i n c r e a s e  i n  mass t r a n s f e r  e f f i c i e n c y  w i t h  i n c r e a s e  i n  t h e  ga s
1 9  ' ' •f l o w  r a t e .  F o r  ex am ple ,  G e r s t e r  e t  a l .  a r e  o f  t h e  o p i n i o n
t h a t  t h e  r e s u l t  i s  due to  s e v e r a l  c o u n t e r a c t i n g  e f f e c t s  o f  the ' . ,
v a r i a b l e s  i n v o l v e d ;  t h e  a u t h o r s  p o s t u l a t e d  t h a t  t h e  t im e  o f  ,
c o n t a c t  o f  t h e  l i q u i d  with" t h e  g a s  would be d e c r e a s e d  w i t h
i n c r e a s e  i n  t h e  g a s  f lo w  r a t e  which  would c o n t r i b u t e  t o  a  l o x /e r -
i n g  o f  t h e  mass t r a n s f e r  e f f i c i e n c y .  A lso  an i n c r e a s e d  gas-
r a t e  i n c r e a s e s  t h e  foam h e i g h t  and t h i s  s h o u l d  i n c r e a s e  t h e  t im e
o f  c o n t a c t .  As a  f u r t h e r  e f f e c t ,  an i n c r e a s e  i n  gas  floxv * ra te
i n c r e a s e s  t h e  i n t e r f a c i a l  a r e a  b e tw een  p h a s e s  and t h u s  i n c r e a s e s
t h e  amount o f  mass t r a n s f e r .  , , -
- . - 4 -F o s s  e t  a l .  a l s o  c o n c lu d e d  t h a t  t h e  r e s u l t  was due t o
t h e  c o u n t e r a c t i o n  o f  t h e  i n c r e a s e  i n  i n t e r f a c i a l  a r e a '  oh one
hand  and a  d e c r e a s e  i n  r e s i d e n c e  t im e  on t h e  o t h e r .
The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n ,  h o w ev er ,  show t h a t  
t h e  e f f e c t  o f  g a s  f l o w  r a t e  on t h e  l i q u i d  r e s i d e n c e  t im e  i n
t h e  s y s te m  i s  n e g l i g i b l e .  I t  w i l l  c e r t a i n l y  e f f e c t  t h e  g a s
r e s i d e n c e  t im e  which  w i l l  be  r e d u c e d  w i t h  i n c r e a s e  i n  t h e  g a s ; -  
f lo w  r a t e .  However, f o r  t h e  l i q u i d  p h a se  i t  i s  t h e  c o n t a c t  
t im e  be tw ee n  t h e  l i q u i d  and t h e  g a s ,  t h a t  i s ,  t h e  l i q u i d  r e s i ­
dence  t im e  on t h e  t r a y  which  d e t e r m i n e s  t h e  mass t r a n s f e r  
e f f i c i e n c y .  R e l i a b l e  i n f o r m a t i o n  on g a s - l i q u i d  i n t e r f a c i a l  ' ,,
- 172 - ' •.
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a r e a s  on s i e v e  t r a y s  i s  s c a r c e ,  however C a ld e r b a n k  and R enn ie  
u s i n g  b o t h  p h o t o g r a p h i c  and g a m m a - r a d ia t io n  t e c h n i q u e s  have  
shown, f o r  F^« f a c t o r s  g r e a t e r  t h a n  0 . 5 ? t h a t  t h e  i n t e r f a c i a l  
a r e a  p e r  u n i t  volume o f  d i s p e r s i o n  shows o n ly  a  v e r y  s l i g h t  
i n c r e a s e  w i t h  i n c r e a s e  i n  g a s  f lo w  r a t e .  The a c t u a l  volume o f  
d i s p e r s i o n  i t s e l f  i n c r e a s e s  w i t h  i n c r e a s e  i n  t h e  g a s  f lo w  r a t e ,
46t h u s  t h e  r e s u l t  o f  C a ld e r b a n k  e t  a l ,  shows t h a t  t h e r e  i s  an 
i n c r e a s e  i n  i n t e r f a c i a l  a r e a  w i t h  i n c r e a s e  i n  g a s  f lo w  r a t e .
I t  i s  p r o b a b l y  t h i s  i n c r e a s e  i n  i n t e r f a c i a l  a r e a  which  i s  r e s p o n ­
s i b l e  f o r  t h e  i n c r e a s e d  e f f i c i e n c y .
An e a r l i e r  r e s u l t  i n d i c a t e d  t h a t  t h e r e  was a  s i g n i f i c a n t  
i n c r e a s e  i n  t h e  mass t r a n s f e r  e f f i c i e n c y  when t h e  downcomer was 
t a k e n  i n t o  a c c o u n t .  The e x a c t  p o s i t i o n  i s  c l e a r l y  shown i n  
F i g u r e  V II  -  45 ,  which  i s  a  p l o t  o f  t h e  M urphree  e f f i c i e n c y  
a g a i n s t  t h e  l i q u i d  mean r e s i d e n c e  t im e  f o r  t h e  t r a y  a l o n e  and 
f o r  t h e  t r a y  p l u s  e ach  o f  t h e  f o u r  downcomer w i d t h s  u se d  i n  t h e
e x p e r i m e n t s .  Com par ison  o f  F i g u r e s  V II  -  39? V II  -  41 and VII  -
45 shows t h a t  t h e  downcomer does  i n d e e d  c o n t r i b u t e  t o  a  h i g h e r  
e f f i c i e n c y  b u t  o n ly  a t  t h e  e x p e n se  o f  a  much h i g h e r  l i q u i d  r e s i ­
dence  t im e  i n  t h e  s y s t e m .  T h i s  same i n c r e a s e  i n  e f f i c i e n c y  c o u ld  
have  b e en  a c h i e v e d  i f  t h e  l i q u i d  had r e s i d e d  on t h e  t r a y  f o r  an 
e x t r a  t im e  much l e s s  t h a n  t h e  i n c r e a s e  i n  t h e  mean r e s i d e n c e  t im e  
due t o  t h e  downcomer.
P r e v i o u s l y  t h e  a c c e n t  on t h e  r e s i d e n c e  t im e s  s t u d y  i n  down­
comers  h a s  b e e n  t o  e n s u r e  t h a t  t h e  l i q u i d  r e s i d e n c e  t im e  i s  o f
s u f f i c i e n t  l e n g t h  to  a l l o w  most o f  t h e  e n t r a i n e d  v a p o u r  t o  e s c a p e .
46
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22 - ’ •.D av is  i n  a  s t u d y  o f  p r i m i n g  to w e rs  showed t h a t  t h e  maximum
r e s i d e n c e  t im e  i n  t h e  downcomers o f  any o f  t h e  t o w e rs  p r i m i n g
was f o u r  seconds.-  He t h e r e f o r e  recommended t h a t  a  minimum
r e s i d e n c e  t im e  i n  t h e  downcomer o f  f i v e  s e c o n d s  he m a i n t a i n e d
a t  a l l  t i m e s .  The r e s i d e n c e  t im e  was o b t a i n e d  by d i v i d i n g  t h e
l i q u i d  volume f lo w  r a t e  by t h e  t o t a l  volume o f  t h e  downcomer
b a s e d  on t h e  a v e r a g e  c r o s s - s e c t i o n a l  a r e a  and t h e  t r a y  s p a c i n g .
: 24 7Based  on t h i s  work B o l l e s  and Huang e t  a l*  a l s o  recommended
a  minimum l i q u i d  r e s i d e n c e  t im e  o f  f i v e  s e c o n d s  f o r  t h e  d e s i g n  ,
o f  downcomers.
The u s e  o f  v a p o u r  d i s e n g a g e m e n t  i n  t h e  downcomer a s  t h e
o n ly  c r i t e r a  f o r  downcomer d e s i g n  c a n ,  h o w ever ,  l e a d  t o  some
' • 4  7r a t h e r  i n c o n g r u o u s  r e s u 3 . t s ,  f o r  exam ple ,  K d u i j e e  i n  a  worked
example  f o r  a - b u b b l e - c a p  d i s t i l l a t i o n  column h a s  a  downcomer 
r e s i d e n c e  t im e  o f  29 s e c o n d s  w hi le ,  t h e  t r a y  r e s i d e n c e  t im e  i s  
o n l y  30 s e c o n d s .  The l i q u i d  w i l l  t h u s  sp en d  a s  much t i m e . i n  
t h e  downcomer a s  on t h e  t r a y .
The r e s u l t s  o f  t h e  p r e s e n t  i n v e s t i g a t i o n  show t h a t  t h i s  
i s  v e ry  u n s a t i s f a c t o r y  b e c a u s e  t h e  downcomer i s  a  v e r y  i n e f f i c i e n t  
s y s te m  f o r  mass t r a n s f e r .  I t  i s ,  t h e r e f o r e ,  s u g g e s t e d  t h a t  
downcomer d e s i g n  s h o u l d  i n c o r p o r a t e  b o t h  hydrodynam ic  and mass 
. t r a n s f e r  c o n s i d e r a t i o n s .  On t h i s  b a s i s  t h e  t r a y  p l u s  t h e  1 .7 3  
i n c h  downcomer i s  t h e  most  e f f i c i e n t -  o f  t h e  g e o m e t r i c a l  a r r a n g e ­
m ents  u s e d  i n  t h e  e x p e r i m e n t s ,
-  1 7 4  -

6 * • E f f e c t  o f  L i q u i d  M ix ing  on t h e  T ray  E f f i c i e n c y  ,
Where l i q u i d  p h a s e  r e s i s t a n c e  o c c u r s ,  t h e  i n t e r p r e t a t i o n  
o f  mass t r a n s f e r  d a t a  o b t a i n e d  i n  p l a t e  columns i s  c o m p l i c a t e d  
by t h e  c o n c e n t r a t i o n  c h a n g e s  a s  t h e  l i q u i d  f l o w s  a c r o s s  t h e  
p l a t e .  U n do u b te d ly  t h e  s i m p l e s t  a p p ro a c h  i s  t o  p r e s e n t  t h e  
d a t a  i n  t h e  form o f  t h e  Murphree  l i q u i d  p h a s e  e f f i c i e n c y ,  E ^ ♦ 
However E ^  i s  n o t  t h e  most  d e s i r a b l e  i n d i c a t o r  o f  p l a t e  p e r f o r ­
mance b e c a u s e  i t  i s  n o t  s im p ly  r e l a t e d  t o  t h e  f u n d a m e n ta l  mass 
t r a n s f e r  e q u a t i o n s .  For  t h i s  r e a s o n  t h e  number o f  l i q u i d  p h a s e  
mass t r a n s f e r .  u n i t s  i s  t o  be  p r e f e r r e d .
The r e l a t i o n s h i p  b e tw e e n  ^  and t h e  number o f  l i q u i d  . 
p h a s e  mass t r a n s f e r  u n i t s ,  N , i s  d e p e n d e n t  on t h e  d e g re e  o f  \
Jj • .
l i q u i d  m ix in g  on t h e . t r a y .  B e f o re  an  a d e q u a te  m a t h e m a t i c a l  
model f o r  t h e  l i q u i d  m ix in g  on t h e  t r a y  had  b e e n  e v o lv e d  one o f  
two a s s u m p t io n s  had  t o  be made:
1.. No l i q u i d  m ix in g .
2 . Complete  l i q u i d  m i x i n g . -
R e s u l t s  o b t a i n e d  from u s i n g  e i t h e r  o f  t h e s e  a s s u m p t io n s  c an  be
s e r i o u s l y  i n  e r r o r .  ■
' ■ - ; .37  .
The m ix in g  model f i r s t  d e r i v e d  by F o s s  e t  a l .  h a s  b een
u se d  t o  c a l c u l a t e  N^ f o r  t h e  i n t e r m e d i a t e  c a s e  o f  l i q u i d  m ix in g
o c c u r r i n g  on t h e  s i e v e  t r a y  u se d  i n  t h e  e x p e r i m e n t s .
F i g u r e  V I I  -  42 shows t h e  e f f e c t  o f  v a r i a t i o n s  i n  t h e  g a s - '
and l i q u i d  f low  r a t e s  on t h e  number o f  l i q u i d  p h a s e  mass t r a n s f e r
u n i t s ,  Np; i t  i s  c l e a r  t h a t  i s  g r e a t l y  a f f e c t e d  by v a r i a t i o n s
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i n  t h e  l i q u i d  f lo w  r a t e  b u t  i s  l a r g e l y  i n s e n s i t i v e  to  v a r i a t i o n s  
i n  t h e  g a s  f lo w  r a t e .
The d e c r e a s e  i n  p r o b a b l y  r e s u l t s  from t h e  d e c r e a s e d
l i q u i d  r e s i d e n c e  t im e  w i t h  i n c r e a s e  i n  t h e  l i q u i d  f lo w  r a t e .
T h i s  r e s u l t  i s  a l s o  a p p a r e n t  f rom c o n s i d e r a t i o n  o f  F i g u r e  V II  -  
4-3 which  i s  a  p l o t  o f  a g a i n s t  t h e  l i q u i d  mean r e s i d e n c e  t im e
f o r  t h e  t r a y  f o r  two d i f f e r e n t  v a l u e s  o f  a i r  f l o w  r a t e .  i s
s e e n  t o  i n c r e a s e  l i n e a r l y  w i t h  i n c r e a s e  i n  t h e  l i q u i d  mean r e s i ­
dence  t i m e .  T h i s  r e s u l t  was p r e d i c t e d  by a  t h e o r e t i c a l  e q u a t i o n  
d e v e l o p e d  i n  S e c t i o n  I I I 5 t h u s :
Where = The mass t r a n s f e r  c o e f f i c i e n t ,
a  = The i n t e r  f a c i a l  a r e a  p e r  u n i t  volume o f  t o t a l  ho ld -u io ,  
t  ft The l i q u i d  mean r e s i d e n c e  t i m e .
I n  a g re em en t  w i t h  e q u a t i o n  6 , 1  t h e  p l o t  o f  N a g a i n s t  t  i s  a
Jj
s t r a i g h t  l i n e  g r a p h  p a s s i n g  t h r o u g h  t h e  o r i g i n .  T h is  r e s u l t
4 2 1  17h a s  been  r e p o r t e d  by p r e v i o u s  w o r k e r s  ? 3 a l t h o u g h
40C a ld e r b a n k  r e p o r t e d  t h a t  was p r o p o r t i o n a l  t o  t h e  0 , 8 1  power 
o f  t .  However t h e  mean l i q u i d  r e s i d e n c e  t im e  u s e d  by F o ss  e t
4  2 1a l .  and H a r r i s  e t  a l .  was o b t a i n e d  from s t a t i c  h ead  m e a s u re ­
m e n t s ,  As o u t l i n e d  i n  S e c t i o n  V II  -  1 t h i s  method o f  p r e d i c t i n g  
l i q u i d  r e s i d e n c e  t im e s  i s  i n a c c u r a t e  b e c a u s e  t h e  s t a t i c  h e ad  
v a r i e s  a c r o s s  t h e  l e n g t h  o f  t h e  t r a y .  V a lu e s  o f  t  o b t a i n e d  i n  
t h i s  manner a r e  c o n s i d e r a b l y  l e s s  t h a n  t h o s e  o b t a i n e d  by t r a c e r  
t e c h n i q u e s .
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A f u r t h e r  r e s u l t  which  may be o b t a i n e d  from F i g u r e  V II  -  4*3 
and from e q u a t i o n  6 . 1  i s  t h a t  f o r  a g i v e n  s y s te m  and f o r  a  g i v e n  
g a s  f lo w  r a t e  t h e  p r o d u c t  K^a i s  i n d e p e n d e n t  o f  t h e  mean l i q u i d
r e s i d e n c e  t im e  and t h u s  o f  t h e  l i q u i d  floiv r a t e .  T h is  r e s i x l t .
37 . 2i s  i n  a g reem en t  w i t h  t h e  work o f  Foss  e t  a l .  , H a r r i s  and .Roper
17 4-4*and t h e  A . I . C h . F ,  R e p o r t  , C a ld e r b a n k  , u s i n g  an o p t i c a l
r e f l e c t i v i t y  t e c h n i q u e ,  h a s  r e p o r t e d  t h a t  f o r  a  g i v e n  f l u i d  
s y s te m  and g a s e o u s  s o l u t e ,  no e f f e c t  o f  l i q u i d  and g a s  f lo w  
r a t e s  on t h e  v a l u e  o f  t h e  l i q u i d  p h a se  mass t r a n s f e r  c o e f f i c i e n t  
c o u l d  be d e t e c t e d .  A lso  no e f f e c t  o f  s i e v e  p l a t e  c h a r a c t e r i s ­
t i c s  c o u ld  be d e t e c t e d .  Thus i t  may be i n f e r r e d  by co m bin in g  
t h e s e  two r e s u l t s  t h a t  t h e  i n t e r f a c i a l  a r e a  p e r  u n i t  volume o f  
t o t a l  h o l d - u p ,  a ,  i s  i n d e p e n d e n t  o f  t h e  l i q u i d  f lo w  r a t e .
F o r  a  g i v e n  s y s te m  K£a was found  to  i n c r e a s e  w i t h  i n c r e a s e
i n  t h e  g a s  f lo w  r a t e .  T h is  r e s u l t  i s  i n  a g re em e n t  w i t h  p r e v i o u s  
1 7  2 1  37w o r k e r s  5 ’ • For  e x am p le ,  f o r  t h e  s i e v e  t r a y  w i t h  a
3  i n c h  w e i r  a t  an F^ f a c t o r  o f  1 . 7 , t h e  v a l u e  o f  K^a i s  0,068
— 1 — *1s e c ,  and a t  an f a c t o r  o f  1 . 2  t h e  IC^a v a l u e  i s  0.060  s e c ,
4-4-Combining t h i s  r e s u l t  w i t h  t h e  work o f  C a ld e r b a n k  , who r e p o r t s  
t h a t  t h e  l i q u i d  mass t r a n s f e r  c o e f f i c i e n t  ICT i s  i n d e p e n d e n t  o fi j
t h e  g as  f lo w  r a t e ,  i t  i s  a p p a r e n t  t h a t  t h e  i n c r e a s e  i n  K^a i s  due 
t o  i n c r e a s e  i n  t h e  i n t e r f a c i a l  a r e a  p e r  u n i t  volume o f  t o t a l  
h o l d - u p  w i t h  i n c r e a s e  i n  t h e  ga s  f lo w  r a t e .  Thus i t  may be con ­
c l u d e d  t h a t  t h e  g a s  f lo w  r a t e  h a s  a  f a v o u r a b l e  e f f e c t  on t h e  
d e g r e e  o f  d i s p e r s i o n  o f  t h e  g as  w i t h i n  t h e  l i q u i d ,
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F o r  c o m p l e t e n e s s  t h e  v a l u e s  o f  t h e  number o f  l i q u i d  p h a se  
mass t r a n s f e r  u n i t s  f o r  t h e  combined t r a y  and downcomer s y s te m  
were  c a l c u l a t e d .  F i g u r e  VIX -  4 6  shows t h e  v a r i a t i o n  o f  ^  
w i t h  l i q u i d  f l o w  r a t e  f o r  t h e  t r a y  and f i v e  i n c h  downcomer s y s t e m ,  
i n  ag re em e n t  w i t h  t h e  t r a y  s y s te m  i t  can  be  s e e n . t h a t  d e c r e a s e s  
r a p i d l y  w i t h  i n c r e a s e  i n  t h e  l i q u i d  f lo w  r a t e .  F i g u r e  V II  -  4 ?  , 
shows p l o t t e d  a s  a  f u n c t i o n  o f  t h e  l i q u i d  mean r e s i d e n c e  t im e  
f o r  t h e  combined s y s te m  and a g a i n  t h e  r e s u l t  i s  a  s t r a i g h t  l i n e
g r a p h  p a s s i n g  t h r o u g h  t h e  o r i g i n .  The v a l u e  o f  K^a o b t a i n e d  a s
, ■ 
t h e  s l o p e  o f  t h e  l i n e  i s  KTa  -  0 .0 4 0  s e c .  . T h i s  m easurementii  .
was made a t  a  v a l u e  o f  F ^ -  f a c t o r  e q u a l  t o  1 .2 .  Comparison  o f  ■ 
t h e  combined s y s te m  may be  made w i t h  t h e  s i e v e  t r a y  by e x a m i n a t i o n  
o f  t h e  IC^a v a l u e s  made a t  the* same g as  f lo w  r a t e , .  I f  t h e  r e s u l t
4 4  ■ . - ■ ‘ .
o f  C a ld e r b a n k  , t h a t  t h e  mass t r a n s f e r .c o e f f i c i e n t 7i s  i n d e p e n d e n t
o f  t h e  g e o m e try  o f  t h e  s y s te m ,  i s  u se d  t h e n  c o m p a r i s o n  o f  KTa
. JL ’
v a l u e s  i s  i n  r e a l i t y  a  c o m p a r i s o n  o f  t h e  i n t e r f a c i a l  a r e a s " p e r
u n i t  volume o f  t o t a l  h o l d - u p .  The v a l u e  o f  ICT a  f o r  t h e  cbm-
• I ;  - ;
1 * —1 • 
b i n e d  s y s te m  i s  0 , 0 4  s e c .  w h i l e  t h a t  f o r  t h e  s i e v e  t r a y  i s
** 1 ' * - r ■ 
0 ,0 6  s e c . "  , Thus i t  may be  c o n c lu d e d  t h a t  t h e  r e a s o n  f o r  t h e
i n e f f i c i e n c y  o f  mass t r a n s f e r  i n  t h e  downcomer: i s  b e c a u s e  t h e ,
i n t e r f a c i a l  a r e a  p e r  u n i t  h o l d - u p  i s  much l e s s  t h a n  t h a t  o c c u r r i n g
on the tray. •
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I t  h a s  b e en  d e m o n s t r a t e d  i n  t h e  l i t e r a t u r e  s t u d y  t h a t  t h e r e  
i s  a  need  f o r  an i n v e s t i g a t i o n ,  on a  p i l o t  p l a n t  s c a l e ,  i n t o  t h e  
f a c t o r s  a f f e c t i n g  t h e  p e r f o r m a n c e  and d e s i g n  o f  d i s t i l l a t i o n  
columns * C os t  and l o c a l  c o n d i t i o n s  p r o h i b i t e d  t h e  u se  o f  an 
a c t u a l  d i s t i l l a t i o n  column and an a i r - w a t e r  s i m u l a t o r  was u s e d ,  
b u t  o f  such  d im e n s io n s  a s  to  e n s u r e  m e a n i n g f u l l n e s s  f o r  l a r g e  
s c a l e  o p e r a t i o n s .
The p e r f o r m a n c e  o f  t h e  p i l o t  p l a n t  column was i n v e s t i g a t e d  i n  
t e r m s  o f  hydrodynam ic  b e h a v i o u r  mass t r a n s f e r  e f f i c i e n c y  l i q u i d  
r e s i d e n c e - t i m e  and e x t e n t  o f  l i q u i d  m ix ing  i n  t h e  s y s te m .
The hydrodynam ic  s t u d y  was c o n c e rn e d  w i t h  t h e  e f f e c t  o f  
o p e r a t i o n a l  c o n d i t i o n s  and column g eo m e try  on t h e  b e h a v i o u r  o f  t h e  
a e r a t e d  l i q u i d  mass f l o w i n g  a c r o s s  t h e  s i e v e  t r a y  and t h r o u g h  t h e  
downcomers. The g e o m e try  o f  t h e  column was a l t e r e d  by u s i n g  a  
s e r i e s  o f  d i f f e r e n t  downcomer w i d t h s  and w e i r  h e i g h t s .  A t t e m p ts  
were  made t o  a p p ro a c h  i n d u s t r i a l  c o n d i t i o n s ,  l i q u i d  f lo w  r a t e s  o f  
up t o  3000 g a l . / h r ,  and a i r  f low  r a t e s  o f  1400 f t , © m i n *  b e i n g  
a t t a i n e d .
I t  h a s  b e en  r e p o r t e d  by Z u iderw eg  t h a t  i n  t h e  p r e s e n c e  o f  
mass t r a n s f e r  t h e  f r o t h i n g  t e n d e n c y  o f  l i q u i d s  can  be a p p r e c i a b l y  
a l t e r e d ,  t h e  hydrodynam ic  s t u d y  was ,  t h e r e f o r e ,  r e p e a t e d  i n  t h e  
p r e s e n c e  o f  mass t r a n s f e r .  A p a r t  from any e f f e c t  011 t h e  p h y s i c a l  
p r o p e r t i e s  o f  t h e  f r o t h i n g  l i q u i d  t h e  mass t r a n s f e r  e x p e r i m e n t s
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were  o f  c o n s i d e r a b l e  i m p o r t a n c e  i n  t h e i r  own r i g h t .  The g a s -  
l i q u i d  s y s te m  c h o se n  f o r  t h e  mass t r a n s f e r  e x p e r i m e n t s  was t h e  
a i r - a q u e o u s  g l y c e r o l - o x y g e n  s y s te m ;  b e c a u s e ' o f  t h e  low s o l u b i l i t y  
o f  oxygen i n  aqueous  g l y c e r o l  s o l u t i o n s  t h i s  sy s te m  maj7 be  r e g a r d e d  
a s  e n t i r e l y  l i q u i d  p h a s e  c o n t r o l l i n g .  The l i q u i d  p h a s e  mass 
t r a n s f e r  e f f i c i e n c y  was i n v e s t i g a t e d  a s  a  f i m c t i o n  o f  column 
o p e r a t i n g  c o n d i t i o n s  and column g e o m e t ry .
An i n v e s t i g a t i o n  was a l s o  c o n d u c te d  i n t o  t h e  f a c t o r s  a f f e c t i n g  
t n e  l i q u i d  r e s i d e n c e - t i m e  d i s t r i b u t i o n  and a l s o  t h e  e x t e n t  o f  
l i q u i d  m ix in g  i n  t h e  d i s t i l l a t i o n  column. T h e o r e t i c a l  c o n s i d e r a ­
t i o n s  have  shown t h a t  t h e  mass t r a n s f e r  e f f i c i e n c y  i s  g r e a t l y  
a f f e c t e d  by t h e  l i q u i d  r e s i d e n c e - t i m e  and by t h e  e x t e n t  o f  l i q u i d  
m ix in g  i n  t h e  s y s t e m ,  t h u s  knowledge  o f  t h e  f a c t o r s  a f f e c t i n g  
t h e s e  phenomena i s  o f  g r e a t  i m p o r t a n c e  i n  t h e  p r e d i c t i o n  o f  p l a n t  
p e r f o r m a n c e .  The l i q u i d  r e s i d e n c e - t i m e  d i s t r i b u t i o n  was i n v e s ­
t i g a t e d  as  a  f u n c t i o n  o f  column o p e r a t i n g  c o n d i t i o n s  and column 
g e o m e t r y .
2 , C o n c lu s io n s
The i n v e s t i g a t i o n  o f  t h e  f a c t o r s  a f f e c t i n g  t h e  p e r f o r m a n c e  
o f  t h e  p i l o t  p l a n t  d i s t i l l a t i o n  column may be c o n v e n i e n t l y  con ­
s i d e r e d  i n  t h e  f o l l o w i n g  t h r e e  s e c t i o n s : -
1 . Hydr o dynami c s t  u d y .
2 .  Mass t r a n s f e r  s tu d y *
3 .  I n v e s t i g a t i o n  o f  l i q u i d  r e s i d e n c e  t im e  d i s t r i b u t i o n  
and e x t e n t  o f  l i q u i d  m ix in g  i n  t h e  s y s t e m ,
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2 • 1 •  Hydrodynamic S tud y
Where p o s s i b l e  t h e  r e s u l t s  o f  t h e  hydrodynam ic  s t u d y  have  
b e e n  p r e s e n t e d  i n  t h e  form o f  a c o r r e l a t i o n  o f  a l l  t h e  v a r i a b l e s  
c o n c e r n e d .
Dry P r e s s u r e  Drop
The d ry  p r e s s u r e  d rop  t h r o u g h  t h e  p e r f o r a t i o n s  o f  t h e  s i e v e  
t r a y  was i n v e s t i g a t e d  a s  a  f u n c t i o n  o f  t h e  g a s  r a t e  o n l y ;  t h e  
e x p e r i m e n t a l  r e s u l t s  were  found  bo be w e l l  c o r r e l a t e d  by t h e  
f o l l o w i n g  m o d i f i e d  o r i f i c e  e q u a t i o n 0. -
T T  n  f i - 7 1  ( 3 .  S S L  ) ° ' 5
0  =  ° - 6 7 1  ( 2 e  l i  1 2  )
T o t a l  P r e s s u r e Drop
The t o t a l  p r e s s u r e  d rop  a c r o s s  a d i s t i l l a t i o n  t r a y  i s  made 
up o f  t h e  f o l l o w i n g  com ponen ts :
( i )  Dry p r e s s u r e  d r o p ,
( i i )  P r e s s u r e  d rop  t h r o u g h  t h e  l i q u i d  011 t h e  t r a y .
( i i i )  P r e s s u r e  l o s s  due t o  b u b b le  f o r m a t i o n .
The e x p e r i m e n t a l  d a t a  r e s u l t i n g  from i n v e s t i g a t i o n  o f  t h e  
t o t a l  p r e s s u r e  d ro p  a s  a  f u n c t i o n  o f  l i q u i d  f lo w  r a t e ,  g a s  f lo w  
r a t e  and w e i r  h e i g h t  was found  t o  be w e l l  c o r r e l a t e d  by t h e  
f o l l o w i n g  e q u a t i o n : -
h™ =  1 . 3 2  F  2  +  0 . 0 2 1 8 1 , + 0 . 6 2 W  + h D .1 A «
T h i s  e q u a t i o n  p r e d i c t s  an i n c r e a s e  i n  t o t a l  p r e s s u r e  d rop  w i t h  
l i q u i d  and v a p o u r  f lo w  r a t e s ,  w e i r  h e i g h t  and r e s i d u a l  p r e s s u r e  d r o p .
F r o t h  H e ig h t  on Tray
A l th o u g h  t h e  f r o t h  h e i g h t  was m easu red  v i s u a l l y  and t h u s  t h e  
e x p e r i m e n t a l  v a l u e s  r e p o r t e d  a r e  o n ly  a p p r o x i m a t e ,  i t  i s  f e l t  t h a t
-  18 1  -
p r o v i d e d  c a r e  i s  t a k e n  i n  u s i n g  t h e  r e s u l t s ,  t h e  t r e n d s  r e p o r t e d  
s h o u l d  be o f  c o n s i d e r a b l e  i m p o r t a n c e  i n  p r e d i c t i n g  f r o t h i n g  t e n ­
den cy ,  The f o l l o w i n g  c o r r e l a t i n g  e q u a t i o n  was found  t o  g i v e  a  
good f i t  t o  t h e  e x p e r i m e n t a l  r e s u l t s : -  
ZF = 2 .4 5 F a  + 0 . 053L + 1.24W.
T h is  e q u a t i o n  t h u s  p r e d i c t s  a  l i n e a r  r e s p o n s e  o f  f r o t h  h e i g h t  t o  ' 
c h a n g e s  i n  gas  f lo w  r a t e ,  l i q u i d  f lo w  r a t e  and w e i r  h e i g h t ,
• S ta t i c  Head on T ray
A c o m p a r i s o n  h a s  b e e n  made o f  f o u r  t e c h n i q u e s  a v a i l a b l e  f o r  
o b t a i n i n g  a  m easu re  o f  t h e  s t a t i c  head  011 t h e  t r a y .  The f o u r  
t e c h n i q u e s  u s e d  were  d i r e c t '  m easurement  u s i n g  m anom ete rs ,  d e d u c ­
t i o n  from p r e s s u r e  d rop  m e a su re m e n ts ,  from r e s i d e n c e - t i m e  s t u d y  
m easu re m e n ts  and u s e  o f  a t h e o r e t i c a l  e q u a t i o n . .  I t  h a s  b e e n  
shown, t h a t  w h ic h e v e r  t e c h n i q u e  i s  employed c a r e  must  be t a k e n  i n  
. t h e  i n t e r p r e t a t i o n  o f  t h e  e x p e r i m e n t a l  d a t a  i n  o r d e r  t o  o b t a i n ,  
t h e  c o r r e c t  r e s u l t ,  The dynamic head  m ea su rem en ts  o b t a i n e d  u s i n g  
manom ete rs  l o c a t e d  i n  t h e  b u b b l i n g  zone of.  t h e  t r a y ,  have  t o  be 
c o r r e c t e d  f o r  s u r f a c e  t e n s i o n  e f f e c t s  and a l s o  a l l o w a n c e  must  be 
made f o r  t h e  d e p r e s s i n g  e f f e c t  o f  t h e  momentum h e a d  o f  t h e  g a s .
Over t h e  b u b b l i n g  zone, o f  t h e  t r a y  t h e  r e s u l t s  o f  t h e  a v e r a g e  
dynamic h e a d ,  c o r r e c t e d  f o r  s u r f a c e  t e n s i o n  e f f e c t s ,  w e r e ' f o u n d  to  
be  w e l l  c o r r e l a t e d  by t h e  f o l l o w i n g  e q u a t i o n : -
Z p  =  0 . 1 9 W -  o , 4 o f a  +  0 . 0 1 3 L  +  1 . 5 6 . .
The s t a t i c  h e ad  011 t h e  t r a y  i s  t h e n  o b t a i n e d  from t h e  f o l l o w i n g  
e q u a t i o n : -
v; l °
I t  h a s  p r e v i o u s l y  b e en  e s t a b l i s h e d  t h a t  t h e  t o t a l  p r e s s u r e  
d rop  i s  composed o f  t h e  d ry  p r e s s u r e  d r o p ,  t h e  p r e s s u r e  d rop  
t h r o u g h  t h e  l i q u i d  on t h e  t r a y  and t h e  p r e s s u r e  l o s s  due to  
b u b b le  f o r m a t i o n .  V a lu e s  o f  t o t a l  p r e s s u r e  d r o p ,  d ry  p r e s s u r e  
d ro p  and p r e s s u r e  l o s s  due t o  b u b b le  f o r m a t i o n  were  o b t a i n e d  
i n d e p e n d e n t l y ;  t h e  v a l u e s  o f  t h e  p r e s s u r e  d rop  t h r o u g h  t h e  l i q u i d  
and t h u s  t h e  s t a t i c  h e a d  was o b t a i n e d  f rom t h e  f o l l o w i n g  e q u a t i o n s -
h F  =  1 . 1 4  ZQ =  h T -  h p p  -  h R
V a lu e s  o f  s t a t i c  h ead  c a l c u l a t e d  by t h i s  t e c h n i q u e  a r e  
g e n e r a l l y  i n  f a i r  a g re e m e n t  w i t h  t h o s e  c a l c u l a t e d  by t h e  dynamic 
h e ad  t e c h n i q u e  and t h u s  i t  may be c o n c lu d e d  t h a t  e i t h e r  o f  t h e  
c o r r e l a t i o n s  p r o p o s e d  w i l l . b e  s u i t a b l e  f o r  d e s i g n  p u r p o s e s .
The l i q u i d  r e s i d e n c e - t i m e  t e c h n i q u e  o f  m e a s u r in g  l i q u i d  
h o l d - u p  and hen ce  c l e a r  l i q u i d  h e i g h t  on t h e  t r a y  i s  p o t e n t i a l l y  
s u p e r i o r  t o  e i t h e r  o f  t h e  m ethods  d e s c r i b e d  b e c a u s e  i t  g i v e s  an 
a v e r a g e  v a l u e  f o r  t h e  whole  t r a y  and n o t  j u s t  f o r  t h e  b u b b l i n g  
z o n e .  Fo r  t h i s  r e a s o n  t h e  s t a t i c  h e a s u r e m e n t s  o b t a i n e d  by t h i s  
method a r e  a lw ay s  g r e a t e r  t h a n  t h e  v a l u e s  o b t a i n e d  from t h e  o t h e r  
two t e c h n i q u e s  d e s c r i b e d .
The t h e o r e t i c a l  e q u a t i o n  which h a s  been  a d v o ca te d ,  by s e v e r a l  
w o r k e r s  a s  s u i t a b l e  f o r  p r e d i c t i n g  s t a t i c  h e ad  on t h e  t r a y  i s ,
Z C “  ^  +  Z 0W
V a lu e s  o f  c l e a r  l i q u i d  h e i g h t  on t h e  t r a y  computed from t h i s  e x p r e s ­
s i o n  were  fo un d  t o  c o n s i s t e n t l y  g i v e  v e r y  h i g h  v a l u e s  when com­
p a r e d  w i t h  t h e  v a l u e s  o b t a i n e d  from t h e  t h r e e  e x p e r i m e n t a l
t e c h n i q u e s .  I t  w as ,  t h e r e f o r e ,  c o n c lu d e d  t h a t  t h i s  e x p r e s s i o n  
i s  u n s u i t a b l e  f o r  p r e d i c t i n g  s t a t i c  h e a d s  on d i s t i l l a t i o n  t r a y s .
A e r a t i o n  F a c t o r  and. F r o t h  D e n s i t y  Fa c t o r
i i e r a t i o r i  f a c t o r  and f r o t h  d e n s i t y  f a c t o r  a r e  t h e  two c o n c e p t s
i n  g e n e r a l  u s e  t o  d e s c r i b e  t h e  e x t e n t  o f  f r o t h i n g  i n  d i s t i l l a t i o n
co lu m ns .  The a e r a t i o n  f a c t o r  a s  u se d  by most  w o r k e r s  i s ,  i n  f a c t ,
t h e  r a t i o  o f  t h e  d e p t h  o f  l i q u i d  a f t e r  c o l l a p s e  o f  t h e  foam to  
t h e  d e p th  which  t h e  l i q u i d  would a t t a i n  when f l o w i n g  a c r o s s  t h e  
t r a y  i n  t h e  a b s e n c e  o f  a e r a t i o n .  B ecause  o f  t h e  d i f f e r e n t  t e c h ­
n i q u e s  a v a i l a b l e  f o r  o b t a i n i n g  a  m easure  o f  t h e  s t a t i c  head  and 
o f  t h e  d i s c r e p a n c i e s  i n  t h e  r e s u l t i n g  v a l u e s  o b t a i n e d  t h e  v a l u e  o f  
t h e  a e r a t i o n  f a c t o r  o b t a i n e d  f o r  a p a r t i c u l a r  s e t  o f  c o n d i t i o n s  i n  
t h e  column w i l l  depend  on t h e  t e c h n i q u e  c h o s e n .  However,  w h ic h -  
e v e r  method a d o p t e d ,  t h e  most s i g n i f i c a n t  r e s u l t  o b t a i n e d  i s  t h a t  
o v e r  t h e  wide  r a n g e  o f  e x p e r i m e n t a l  ga s  and l i q u i d  f lo w  r a t e s ,  t h e  
r a n g e  o f  a e r a t i o n  f a c t o r s  e n c o u n t e r e d  was q u i t e  s m a l l  b e i n g  from
0 . 5 0  t o  0 . 6 5 .
The f r o t h  d e n s i t y  f a c t o r  i s  d e f i n e d  a s  t h e  volume o f  u n a e r a ­
t e d  l i q u i d  i n  t h e  foam p e r  u n i t  volume o f  t h e  foam. At any p o i n t  
on t h e  t r a y  t h i s  may be  r e s t a t e d  a s  th e  r a t i o  o f  t h e  s t a t i c  h e ad  
t o  t h e  f o a m . h e i g h t .  Aga in  b e c a u s e  o f  t h e  v a r i a t i o n  i n  s t a t i c  
h e a d  v a l u e  d e p e n d in g  upon t h e  method o f  m easurem ent  t h e  v a l u e  o f  
f r o t h  d e n s i t y  f a c t o r  w i l l  v a r y  s l i g h t l y .  However, ag reem en t  
be tw een  t h e  m ethods  i s  f a i r l y  good and i n  g e n e r a l  t h e  f r o t h  d e n s i t y  
f a c t o r  d e c r e a s e s  s t r o n g l y  'w i th  i n c r e a s e  i n  g a s  f l o w  r a t e  w h i l e  
r e m a i n i n g  l a r g e l y  i n s e n s i t i v e  t o  v a r i a t i o n s  i n  t h e  l i q u i d  f lo w  r a t e .
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F r o t h i n g  i n  t h e  downcomers was i n v e s t i g a t e d  a s  a  f u n c t i o n  o f  
l i q u i d  and g a s  f lo w  r a t e s  and o f  downcomer w i d t h .  Gas f lo w  r a t e  
was found  t o  have  v e ry  l i t t l e  e f f e c t  on t h e  e x t e n t  o f  f r o t h i n g  i n  
t h e  downcomer a l t h o u g h  t h e r e  was a  s l i g h t  t e n d e n c y  f o r  t h e  f r o t h  
h e i g h t  t o  i n c r e a s e  w i t h  i n c r e a s e  i n  t h e  gas  flow  r a t e .
The e f f e c t  o f  l i q u i d  f lo w  r a t e  i s  more complex  and i t s  
e f f e c t  v a r i e s  w i t h  downcomer w i d t h .  At l a r g e  downcomer w i d t h s  
t h e  f r o t h  h e i g h t  i n c r e a s e s  w i t h  i n c r e a s e  i n  l i q u i d  f lo w  r a t e  u n t i l  
an  a p p r o x i m a t e l y  c o n s t a n t  v a l u e  i s  r e a c h e d  a t  h i g h  v a l u e s  o f  l i q u i d  
f lo w  r a t e .  With s m a l l  downcomer w i d t h s  t h e  h i g h  f r o t h  h e i g h t s  
t e n d e d  t o  o c c u r . a t  low v a l u e s  o f  l i q u i d  f lo w  r a t e  and t h e  f r o t h  . 
h e i g h t  d e c r e a s e d  w i t h  i n c r e a s e  i n  t h e  l i q u i d  f l o w  r a t e ;
The most  i m p o r t a n t  c o n c l u s i o n  t h a t  can  be drawn from t h e  
s t u d y  o f  f r o  t i l  b e h a v i o u r  i n  downcomers i s  - t h a t  f r o t h i n g  i n  down- 
comers i s  n o t  a  l i m i t i n g  f a c t o r  i n  downcomer d e s i g n .
C l e a r  L i q u i d  Heip;ht i n  Downcomer
C l e a r  l i q u i d  h e i g h t  i n  t h e  downcomer was fo u n d  t o  i n c r e a s e  
u n i f o r m l y  w i t h  i n c r e a s e  i n  g as  s.nd l i q u i d  f lo w  r a t e s .  Fo r  d e s i g n  
p u r p o s e s  t h e  a u t h o r  f e e l s  t h a t  t h e  c l e a r  l i q u i d  h e i g h t  i n  t h e  down- 
comer s h o u l d  be  t a k e n  t o  be t h e  l i m i t i n g  f a c t o r ? t h e  f o l l o w i n g  . 
d e s i g n  e q u a t i o n  f o r  p r e d i c t i n g  c l e a r  l i q u i d  h e i g h t  i n  downcomers 
i s  t h e r e f o r e  p r o p o s e d ,  \
Froth Height in Downcomer
The l i q u i d  th ro w  o v e r  t h e  w e i r  p o se d  no l i m i t a t i o n  on h y d r o -  
dynamic p e r f o r m a n c e  even  a t  h i g h  l i q u i d  f lo w  r a t e s  o f  50  g a l . / m i n .  
and u s i n g  a  downcomer w i d t h  o f  1*75 i n c h e s .  Thus i t  would 
a p p e a r  t h a t  t h e  l i m i t a t i o n  recommended t h a t  t h e  l i q u i d  th row  o v e r  
t h e  w e i r  be 0 .6  t im e s  t h e  downcomer w id th  i s  u n n e c e s s a r y ,
2 . 2 .  L i q u i d  R e s id e n c e  Time and E x t e n t  o f  L i q u i d  M ix ing
The l i q u i d  r e s i d e n c e  t im e  and t h e  e x t e n t  o f  l i q u i d  m ix ing  
was i n v e s t i g a t e d  b o t h  f o r  t h e  s i e v e  t r a y  a lo n e  and f o r  t h e  com­
b i n e d  s i e v e  t r a y  and downcomer s y s te m  as  a  f u n c t i o n  o f  l i q u i d  and 
g a s  f lo w  r a t e s  and o f  sy s te m  g e o m e t ry .
From m ea su rem en ts  o f  l i q u i d  r e s i d e n c e  t im e  i t  h a s  been  
e s t a b l i s h e d  t h a t  t h e  l i q u i d  h o l d - u p  i n  b o th  s y s te m s  i n v e s t i g a t e d  
i n c r e a s e s  w i t h  i n c r e a s e  i n  l i q u i d  f lo w  r a t e  b u t  i s  u n a f f e c t e d  by 
v a r i a t i o n s  i n  t h e  g a s  f lo w  r a t e .  T h is  r e s u l t  i s  i n  good a g re em e n t  
w i t h  t h e  r e s u l t s  o b t a i n e d  f rom t h e  hydrodynam ic  s t u d y ,
The mean l i q u i d  r e s i d e n c e  t im e  d e c r e a s e s  s t r o n g l y  w i t h  
i n c r e a s e  i n  t h e  l i q u i d  f l o w  r a t e ,  t h i s  r e s u l t  i s  t o  be e x p e c t e d  
s i n c e  t h e o r e t i c a l  c o n s i d e r a / t i o n s  show t h a t  f o r  a  c o n s t a n t  volume 
s y s t e m  t h e  mean r e s i d e n c e  t im e  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  
l i q u i d  f lo w  r a t e .  The l i q u i d  mean r e s i d e n c e  t im e  i s  l a r g e l y  u n a f ­
f e c t e d  by v a r i a t i o n s  i n  t h e  g a s  f lo w  r a t e ,  t h i s  r e s u l t  i s  i n  good 
a g re em e n t  w i t h  t h e  i n d e p e n d e n t  hydrodynam ic  s t u d y  w hich  showed 
t h a t  t h e  volume o f  l i q u i d  i n  t h e  s y s te m  i s  i n s e n s i t i v e  t o  v a r i a ­
t i o n s  i n  t h e  g a s  f lo w  r a t e .
The l i q u i d  r e s i d e n c e  t im e  i n c r e a s e d  w i t h  i n c r e a s e  i n  w e i r
Liquid,Throw over Weir
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h e i g h t  f o r  t h e  s i e v e  t r a y  s y s te m  and w i t h  i n c r e a s e  i n  downcomer 
w i d t h  f o r  t h e  combined t r a y  and downcomer s y s t e m , ,
The e x t e n t  o f  l i q u i d  m ix in g  as  c h a r a c t e r i s e d  by t h e  d imen­
s i o n l e s s  v a r i a n c e  o f  t h e  l i q u i d  r e s i d e n c e  t im e  d i s t r i b u t i o n  f o r  
a i l  t h e  s y s t e m s  i n v e s t i g a t e d  was found  t o  be s e n s i b l y  c o n s t a n t  a t  
low v a l u e s  o f  l i q u i d  f lo w  r a t e  b u t  d e c r e a s e d  w i t h  i n c r e a s e  i n  . 
l i q u i d  f lo w  r  £l*b © ^
The e x t e n t  o f  l i q u i d  m ix in g  was found  t o  i n c r e a s e  l i n e a r l y  
f rom z e r o  w i t h  i n c r e a s e  i n  t h e  l i q u i d  mean r e s i d e n c e  t im e  a t  low 
v a l u e s  o f  mean r e s i d e n c e  t i m e ,  t h i s  r e s u l t  i s  i n  e x c e l l e n t  a g r e e ­
ment w i t h  a  t h e o r e t i c a l  e q u a t i o n  d e r i v e d  b a s e d  on t h e  e d d y - d i f f u s i o n  
c o n c e p t .  However a t  h i g h  v a l u e s  o f  mean r e s i d e n c e ,  t im e  t h e  v a r i ­
ance  t e n d s  t o  a  c o n s t a n t  v a l u e  i n d i c a t i n g  t h a t  t h e  t h e o r e t i c a l  
r e l a t i o n s h i p  no l o n g e r  a p p l i e s ,  t h i s  i s  t o  be e x p e c t e d .b e c a u s e  one 
o f  t h e  a s s u m p t io n s  made i n  d e r i v i n g  th e  r e l a t i o n s h i p  was t h a t  t h e  
l i q u i d  r e s i d e n c e  t im e  would  be  s m a l l .  The most  i m p o r t a n t  c o n c l u ­
s i o n  t h a t  c a n  be drawn from t h i s  r e s u l t  i s  t h a t  l i q u i d  momentum i s  
one o f  t h e  f u n d a m e n ta l  f a c t o r s  d e t e r m i n i n g  t h e  e x t e n t  o f  l i q u i d  
m ix in g  and t h a t  a s  t h e  l i q u i d  f lo w  i n c r e a s e s  so  t h e  t y p e  o f  f lo w  
i n  t h e  s y s te m  t e n d s  to w a rd s  p l u g  f l o w .
The e x t e n t  o f  l i q u i d  m ix in g  was fo un d  t o  b e ^ i n s e n s i t i v e  t o  
v a r i a t i o n s  i n  t h e  g a s  f lo w  r a t e .
F o r  a  g i v e n  l i q u i d  r e s i d e n c e - t i m e  t h e  e x t e n t  o f  l i q u i d  m ix in g  
i n  t h e  combined t r a y  and downcomer s y s te m  was fou nd  to  d e c r e a s e  
w i t h  i n c r e a s e  i n  downcomer w i d t h .  The c o n c l u s i o n  t h a t  may be 
drawn f rom t h i s  r e s u l t  i s  t h a t  t h e  ty p e  o f  f low  o c c u r r i n g  i n  t h e
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The e x t e n t  o f . l i q u i d  m ix in g  on t h e  t r a y  i n c r e a s e s  w i t h  /  
d e c r e a s e  i n  w e i r  h e i g h t ;  t h i s  r e s u l t  c a n n o t  be e x p l a i n e d  i n  t e rm s  
o f  l i q u i d  momentum, t h u s  i t  must  be c o n c lu d e d  t h a t  t r a y  g e o m e try  
i s  a  f u n d a m e n ta l  f a c t o r  i n  d e t e r m i n i n g  t h e  e x t e n t  o f  l i q u i d  m ix in g  
V a lu e s  o f  e d d y - d i f f u s i v i t y  were found  t o  i n c r e a s e  l i n e a r l y  
w i t h  i n c r e a s e  i n  t h e  mean a x i a l  v e l o c i t y  o f  f lo w  a c r o s s  the, t r a y ,  
a l s o  a t  low v a l u e s  o f  l i q u i d  f lo w  r a t e  t h e  r a t e  o f  i n c r e a s e  o f  
e d d y - d i f f u s i v i t y  w i t h  i n c r e a s e  i n f l o w  v e l o c i t y  i s  i d e n t i c a l  f o r  
b o t h  t h e  3 i n c h  and 4 i n c h  w e i r  sys tem s, .
I t  h a s  b een  p o s s i b l e  t o  a r r a n g e  t h e  r e s u l t s  o f  t h e  l i q u i d  
m ix in g  s t u d y  i n  t h e  form o f  a  t r a n s f e r  f u n c t i o n  o f  t h e  s y s te m s  
i n v e s t i g a t e d .  The t r a n s f e r  f u n c t i o n  i s  d e f i n e d  a s  t h a t  f u n c t i o n  
by which  t h e l a p l a c e  t r a n s f o r m  o f  t h e  i n p u t  s i g n a l  must  be m u l t i ­
p l i e d  to  g i v e  t h e  o u t p u t  s i g n a l .  Use o f  an  a n a l y t i c a l  e x p r e s s i o n  
f o r  t h e  o u t p u t  s i g n a l  h a s  made i t  p o s s i b l e  to  d e r i v e  t h e ' t r a n s f e r  
f u n c t i o n  p u r e l y  i n  t e r m s  o f  t h e  d i m e n s i o n l e s s  v a r i a n c e  o f  t h e  
r e s i d e n c e - t i m e  d i s t r i b u t i o n s  o b t a i n e d  f o r  a l l  t h e  o p e r a t i n g  c o n ­
d i t i o n s  and g e o m e t r i c a l  s y s te m s  i n v e s t i g a t e d .  The t r a n s f e r  
f u n c t i o n ,  T, d e r i v e d ,  i s :  -
1
downcomer is nearer to plug, flow than that occurring on the tray.
2 b  ✓, \ b  
cf (b + s) ,
Where b = .1 
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Use o f  t h e  t r a n s f e r  f u n c t i o n  f o r  t h e  s y s te m  w i l l  e n a b l e  a  p r e d i c .  
t i o n  o f  t h e  o u t p u t  f u n c t i o n  f o r  any  g i v e n  i n p u t  s i g n a l .
f  188  -
2 c 3 i Mass T r a n s f e r  S tu d y
The hydrodynam ic  s t u d y  was r e p e a t e d  i n  t h e  p r e s e n c e  o f  mass 
t r a n s f e r ,  however  t h e  r e s u l t s  o b t a i n e d  were  i d e n t i c 8.1 w i t h  t h o s e  
o b t a i n e d  i n  t h e  a b s e n c e  o f  mass t r a n s f e r .
For  t h e  a i r - a q u e o u s  g l y c e r o l - o x y g e n  s y s te m  u s e d  i n  t h e  
e x p e r i m e n t s  t h e  Murphree  l i q u i d - p h a s e  e f f i c i e n c y  was found  to  
d e c r e a s e  r a p i d l y  w i t h  i n c r e a s e  i n  t h e  l i q u i d  f lo w  r a t e  and t o  show 
o n l y  a  s l i g h t  i n c r e a s e  w i t h  i n c r e a s e  i n  t h e  g a s  f lo w  r a t e  f o r  b o t h  
t h e  s i e v e  t r a y  a l o n e  and f o r  t h e  combined s i e v e  t r a y  and downcomer 
s y s te m .
L i q u i d  r e s i d e n c e - t i m e  h a s  b e e n  shown t o  be  a  f u n d a m e n ta l  
f a c t o r  i n  d e t e r m i n i n g  t h e  e f f i c i e n c y  o f  t h e  mass t r a n s f e r  p r o c e s s ,  
t h i s  r e s u l t  i s  t o  be  e x p e c t e d  s i n c e  t h e  l o n g e r  t h e  t im e  o f  t h e  
l i q u i d  i n  t h e  s y s t e m  t h e  l o n g e r  w i l l  be t h e  l i q u i d - g a s  c o n t a c t  
t i m e ,  t h i s  w i l l  r e s u l t  i n  a  g r e a t e r  amount o f  mass t r a n s f e r r e d  and 
t h u s  i n c r e a s e  t h e  mass t r a n s f e r  e f f i c i e n c y .
The g a s  f lo w  r a t e  h a s  a l s o  b e en  shown t o  be  o f  f u n d a m e n ta l  
i m p o r t a n c e  i n  d e t e r m i n i n g  t h e  e f f i c i e n c y  o f  t h e  mass t r a n s f e r  
p r o c e s s ;  r e s u l t s ,  b o t h  o f  t h i s  i n v e s t i g a t i o n  and o f  o t h e r  w o r k e r s ,  
would  i n d i c a t e  t h a t  t h e  i n c r e a s e  i n  t h e  mass t r a n s f e r  e f f i c i e n c y  
w i t h  i n c r e a s e  i n  t h e  g a s  f low  r a t e  i s  due t o  an  i n c r e a s e  i n  t h e  
amount o f  i n t e r f a c i a ] ,  a r e a  a v a i l a b l e  f o r  t h e  mass t r a n s f e r  p r o c e s s .  
The downcomer h a s  b e en  shown t o  be a  v e r y  I n e f f i c i e n t  sy s te m  
f o r  mass t r a n s f e r  a s  compared w i t h  t h e  d i s t i l l a t i o n  t r a y  a l t h o u g h  
a  d e t e c t a b l e  amount o f  mass t r a n s f e r  d i d  t a k e  p l a c e  w i t h i n  t h e  
downcomer. I t  i s  t h e r e f o r e  s u g g e s t e d  t h a t  i n  downcomer d e s i g n
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t h e  l i q u i d  r e s i d e n c e - t i m e  s h o u l d  n o t  o n ly  be c o n s i d e r e d  f rom t h e  
p o i n t  o f  view  o f  vap o u r  d i s e n g a g m e n t  b u t  a l s o  from mass t r a n s f e r  
c o n s i d e r a t i o n .
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The m ix in g  model f i r s t  d e r i v e d  by F o ss  e t  a l .  h a s  been,  
u s e d  t o  compute t h e  number o f  l i q u i d  p h a se  mass t r a n s f e r  u n i t s ,  
f o r  t h e  i n t e r m e d i a t e  c a s e  o f  l i q u i d  m ix in g  o c c u r r i n g  on t h e  t r a y  
and i n  t h e  downcomers u se d  i n  t h e  e x p e r im e n t s *  was found  t o
d e c r e a s e  s h a r p l y  w i t h  i n c r e a s e  i n  t h e  l i q u i d  f lo w  r a t e  and t o  
i n c r e a s e  s l i g h t l y  w i t h  i n c r e a s e  i n  t h e  g a s  f lo w  r a t e . s.
The number o f  l i q u i d  p h a s e  mass t r a n s f e r  u n i t s  was, found  t o  
i n c r e a s e  l i n e a r l y  w i t h  i n c r e a s e  i n  l i q u i d  r e s i d e n c e - t i m e  f o r  a l l  
t h e  s y s te m s  i n v e s t i g a t e d .  T h i s  r e s u l t  i s  i n  a g re em e n t  w i t h  
t h e o r e t i c a l  c o n s i d e r a t i o n s  from which t h e  f o l l o w i n g  e q u a t i o n  was 
d e r i v e d : ~
~  ^ L a  ^
From t h e  above r e s u l t  i t  may be  c o n c lu d e d  t h a t  f o r  a  g i v e n  s y s te m  
t h e  mass t r a n s f e r  c o e f f i c i e n t  k ^ a  i s  indexxendent o f  t h e  l i q u i d  
f lo w  r a t e .
The mass t r a n s f e r  c o e f f i c i e n t  k ^ a  was found  t o  i n c r e a s e  .w i th  
i n c r e a s e  i n  g a s  f lo w  r a t e .  I f  t h i s  r e s u l t  i s  combined w i t h  t h e
4 4work o f  C a ld e r b a n k  , who  r e p o r t e d  t h a t  f o r  a  g i v e n  f l u i d  s y s te m  
and g a s e o u s  s o l u t e  no e f f e c t  o f  l i q u i d  and g a s  f lo w  r a t e s  on t h e  
l i q u i d  p h a s e  mass t r a n s f e r  c o e f f i c i e n t  c o u ld  be  d e t e c t e d ,  t h e n  
a g a i n . i t  may be deduced  t h a t  t h e  i n c r e a s e  i n  k ^ a  i s  due t o  an. 
i n c r e a s e  i n  t h e  i n t e r f a c i a l  a r e a  w i t h  i n c r e a s e  i n  t h e  g a s  f lo w  
r a t e .
• V  190  —  .
*. . From a  c o m p a r i s o n  o f  t h e  mass t r a n s f e r  c o e f f i c i e n t s  f o r
, ' ' . , . ' 
t h e  combined s i e v e  t r a y  and doxvncomer s y s t e m ,  0 *0+ s e c .  , w i t h
t h a t  f o r  t h e  s i e v e  t r a y  a l o n e ,  0,06  s e c .  , i t  may be d educed
t h a t  t h e  r e a s o n  f o r  t h e  i n e f f i c i e n c y  o f  t h e  mass t r a n s f e r  p r o c e s s
i n  t h e  downcomer i s  b e c a u s e  t h e  i n t e r f a c i a l  a r e a  p e r  u n i t  volume
o f  h o l d - u p  i s  much l e s s  t h a n  on t h e  t r a y .
_  19 1  •
NOMENCLATURE
2A = T ray  b u b b l i n g  a r e a ,  f t  ,
a  = I n t e r  f a c i a l  a r e a  p e r  u n i t  volume o f  gas, and l i q u i d
2  : h o l d - u p ,  f t  ,
b = C o n s t a n t .
C =: C o n c e n t r a t i o n .
C ( t )  5=' C o n c e n t r a t i o n  o f  t r a c e r  m a t e r i a l  i n  t h e  e x i t  s t r e a m
a t  any i n s t a n t .
30^ = L i q u i d - p h a s e  c o n c e n t r a t i o n ,  l b .  m o l e s / f t  *
0^ = D i s c h a r g e  c o e f f i c i e n t  f o r  p e r f o r a t i o n s  i n  t r a y .
, p  •
D 55 E d d y - d i f f u s i o n  c o e f f i c i e n t ,  f t  . / s e c .
-  Murphree  l i q u i d  e f f i c i e n c y .  ' _____ __
E nn  =s P o i n t  o r  l o c a l  e f f i c i e n c y ,
E ( t )  55 E x t e r n a l  r e s i d e n c e  t im e  f r e q u e n c y  d i s t r i b u t i o n
f u n c t i o n .
E ( t ) d t  = The e x i t  age  d i s t r i b u t i o n  f u n c t i o n ,  i t  i s  t h e
f r a c t i o n  o f  m a t e r i a l  h a v in g  a g es  b e tw ee n  t  and
( t  + d t )  a t  t h e  moment o f  l e a v i n g  t h e  v e s s e l ,
0 5F = K i n e t i c  e n e r g y  f a c t o r  d e f i n e d  by F = u p  .
I? =s F -  f a c t o r  f o r  v a p o u r  b a s e d  on t h e  p e r f o r a t e d  a r e a
o f  t h e  t r a y  ( f t © s e c « )  ( l b , / f t 3 ) 8 *3 / f t P .
f  ?5 Any f r a c t i o n  o f  c l e a r  l i q u i d  r e f e r e n c e  zone above
t h e  t r a y ? d i m e n s i o n l e s s .
F ( t )  = T o t a l  f r a c t i o n  o f  t r a c e r  i n  t o t a l  o u t f l o w  a t  any
t im e  t  a f t e r  t h e  i n j e c t i o n ,
2g 55 Acceleration due to gravity, ft./sec.
= Gas flow  r a t e  p e r  u n i t  b u b b l i n g  a r e a ,  l b .  m o l e s /  
h r .  f t 2 .
H = L i q u i d  h o l d - b a c k ,  d i m e n s i o n l e s s ,
H s .  D i s t a n c e  b e tw ee n  two t r a y s ,  i n c h e s ,
h^p  = Dry p r e s s u r e  dx-op, i n c h e s  o f  w a t e r ,
h^, = T o t a l  p r e s s u r e  d r o p ,  i n c h e s  o f  w a t e r ,
hp  = P r e s s u r e  d rop  a c r o s s  f r o t h i n g  l i q u i d ,  i n c h e s  l i q u i d - ,
hp  = R e s i d u a l  p r e s s u r e  d r o p ,  i n c h e s  w a t e r . . ' .
h v = H y d r o s t a t i c  h e ad  o f  v a p o u r  between  t r a y s ,  i n c h e s
l i q x t i d ,
hp  ss P r e s s u r e  b u i l d - u p  i n  t h e  downcomer, i n c h e s  l i q u i d .
h f  = D i s t a n c e  f o r  f r e e  f a l l  o f  l i q u i d ,  f e e t ,
I ( t )  = I n t e r n a l  r e s i d e n c e - t i m e  f r e q u e n c y  d i s t r i b u t i o n
f u n c t i o n .
I ( t ) d t  = I n t e r n a l  age  d i s t r i b u t i o n  f u n c t i o n ,  i t  i s  t h e
f r a c t i o n  o f  m a t e r i a l  w i t h i n  t h e  v e s s e l  h a v in g  a g e s  
b e tw ee n  t  and ( t  + d t ) .  
j  = S p e c i f i c  g r a v i t y  o f  i i q u i d .
Kqg = . O v e r - a l l  g a s  mass t r a n s f e r  c o e f f i c i e n t ,  l b .  m o l e s /
( h r . )  (ftA')  ( a t m ) ,  . ' '
Kql = O v e r - a l l  l i q u i d  mass t r a n s f e r  c o e f f i c i e n t ,  f t . / h i * .
k  = Mass t r a n s f e r  g a s - f i l m  c o e f f i c i e n t ,  l b .  m o l e s / ( h r . )
& \
( f t , 2 ) ( a t m ) ,
kp  ss Mass t r a n s f e r  l i q u i d - f i l m  c o e f f i c i e n t ,  f t . , / h r ,
L = L i q u i d  f lo w  r a t e , . g a l ' . / m i n . / f t .  o f  t r a y  w i d t h .
Lp = . C l e a r  l i q u i d  h e i g h t  i n  downcomer, i n c h e s .
1
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L e n g th  o f  w e i r ,  f t .
L i q u i d  f lo w  r a t e  p e r  u n i t  b u b b l i n g  a r e a ,  l b .  moles/ -  
hr*  f t , 2
V a r i a b l e  d e f i n e d  by M =5 X -  u t , f t ,
dy /L lo pe  o f  t h e  e q u i l i b r i u m  c u r v e ,  ^ / d x ,
P e c l e t  number ,  d i m e n s i o n l e s s , d e f i n e d  by
A’ = ZLU Pe -j r .
R a te  o f  d i f f u s i o n ,  l b ,  m o l e s / h r .
L i q u i d  p r e s s u r e  d ro p  th r o u g h  c l e a r a n c e  a r e a  b e tw ee n  
t h e  downcomer and lo w e r  p l a t e ,  i n c h e s  l i q u i d ,  
E q u i l i b r i u m  g a s  p a r t i a l  p r e s s u r e ,  a tm,
G a s -p h a se  p a r t i a l  p r e s s u r e ,  a tm.
T o t a l  a b s o l u t e  p r e s s u r e ,  a tm.
Q u a n t i t y  o f  t r a c e r ,  l b ,  m o le s ,
Ro t  ame t e r  r  e a d i n g ,
Depth  o f  c l e a r  l i q u i d  r e f e r e n c e  z o n e ,  i n c h e s .
C a l c u l a t e d  c l e a r  l i q u i d  r e f e r e n c e  z o n e .  (W + Z,wt)
r uw
i n c h e s .
2I n t e r f a c i a l  a r e a ,  f t .
R e s i d e n c e  t im e  o r  age o f  m a t e r i a l ,  s e c s .
Mean r e s i d e n c e  t i m e ,  s e c s .
T e m p e r a t u r e , °C .
V e l o c i t y  o f  g a s  t h r o u g h  p e r f o r a t i o n s  f t , / s e c .  
V e l o c i t y  o f  v a p o u r  b a s e d  on a c t i v e  a r e a  o f  t r a y  
f t . / s e c ,
V e l o c i t y  o f  l i q u i d  f l o w i n g  o v e r  w e i r ,  f t . / s e c .
U '=; Mean a x i a l  v e l o c i t y  o f  l i q u i d  a c r o s s  t r a y  f t . / s e c .
■ ’ 3  ' 'V ■ ■ ' — T o t a l  l i q u i d  h o l d - u p  i n  s y s te m ,  f t .
, • . 3
v = V o lu m e t r i c  f l o w  r a t e ,  f t .  / s e c .
W = H e ig h t  o f  w e i r ,  i n c h e s ' .
x = Mole f r a c t i o n  o f  s o l u t e  i n  l i q u i d  p h a s e ,
x* a; E q u i l i b r i u m  mole  f r a c t i o n ,
X ;=s Any v e r t i c a l  p l a n e  on d i s t i l l a t i o n  t r a y ,  f t .
y  = Mole f r a c t i o n  o f  s o l u t e  i n  g a s  phase*
y* = E q u i l i b r i u m  mole f r a c t i o n .
L H e ig h t  o f  f r o t h  above  t r a y  f l o o r ,  i n c h e s ,
Zq ri Clear* l i q u i d  h e i g h t  on l i q u i d  h o l d - u p  p e r  u n i t : ’a r e a
o f  b u b b l i n g  z o n e ,  i n c h e s .
Zp = Dynamic h e a d ,  i n c h e s ,
Zq.  ^ ss L i q u i d  c r e s t  o v e r  w e i r ,  i n c h e s .
Z ss- S t a t i c  l i q u i d  s e a l  on lo w e r  t r a y  a t  a  p o s i t i o n
a d j a c e n t  t o  t h e  downcomer, i n c h e s  l i q u i d . *
Zp = L e n g th  o f  t r a y ,  f t *
GREEK SYMBOLS 
p-v- = D e n s i t y  o f  g a s  l b . / f t , ^
^  = D e n s i t y  o f  l i q u i d  l b . / f t . 3
B ss A e r a t i o n  f a c t o r ,  d im e n s io n le s s . -
0  = F r o t h  d e n s i t y  f a c t o r ,  d i m e n s i o n l e s s .
rt
, -2  P
CT. ss " V a r i a n c e  o f  r e s i d e n c e - t i m e  d i s t r i b u t i o n ,  s e c , ‘~
2  '
(f = D i m e n s io n l e s s  v a r i a n c e .
Q • =s L D i m e n s io n l e s s  t i m e , g i v e n  by “
•' t
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APPENDIX I
Computer  Programme f o r  R e s id e n c e  
Time C a l c u l a t i o n s
APPENDIX I
T h e  f o l l o w i n g  p r o g r a m m e  w a s  d e v e l o p e d  f o r  u s e  o n  t h e  
c o l l e g e  c o m p u t e r ;  i t  i s  w r i t t e n  i n  X , C , T *  F e r r a n t i  S i r i u s  
A u t o c o d e ,
N
R E S I D E N C E  T I M E  C A L C U L A T I O N S  
J v T
v 1 = T A P E  
' v 2 = T A P E  
X v 3 = v 1 / v 2  
v 3 = v 3 + 1  
n 1 = v 3  
v 4 = T A P E n 1  
v 2 0 4 = T A P E n 1 , . 
v 4 o 4 = T A P E n 1  
n 2 = 0  
v 6 0 4 = O  
v605=0 
v606=0 •
1  )v6o4-=v6o4+v(4+n2) 
v605"v603+v(204+n2)  
v 6 o 6 = v 6 o 6 + v ( 4 o 4 + i i 2 )
n 2 = n 2 + 1  
• 0 1  , n 2 / n 1  
v 6 o ? = v 6 0 4 / v 6 0 5  
v 6 o 8 = v 6 o 4 / v 6 o 6  
n 3 = 0
2 ) v ( 6 0 9 + n 3 ) = v ( 2 0 4 + n 3 ) x v 6 0 7  
v {  8 0 9 + 1 1 3 )  ~ v (  4 o 4 + n 3  ) x v 6 o 8  
n 3 = n 3 + 1  
- » 2 , n 3 / n 1
Computer Programme for Residence Time Calculations
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TEXT 
AVERAGE VALUES
A B C
Xv1009=0 
n4=0 
3)PRINTv1009,3062 
PRINTv(4+n4) ,4o64  
PR INTv(609+n4),4 6 6 4 .  
PRINTv( 809+n4 ) , 4o64 
v 1009=v 1009+v2 
n4=n4+1 
-*3,n4/n1 
v 1009=0 
i x 5 - 0  
Xv1010=0 
v 1 0 1 1 = 0
4 ) v ( 1 0 1 2 + n 5 ) = v ( 4 + n 5 ) + ( 6 0 9 + n 5 )  
v ( < } 0 1 2 + n 5 ) = v ( l 0 1 2 + n 5  ) - ‘* v ( 8 0 9 + n 5 ) 
v 1 0 1 0 = v 1 0 1 0 + v ( 1 0 1 2 + n 5 )
v (  1 0 1 '2+n5 )=v( 1 0 1 2 +n5 ) x v 1009
v 1 0 1 1=v1011+v(l012+n5)
v 1 009=v 1009+v 2
n 5 = n 5 + 1
■>4,n5/n1'
v 1 0 1 2 =v 1 0 1 1 / v 1 0 1 0 
TEXT
MEAN RESIDENCE TIME 
PRINTvl0 1 2 ,4 06 3  
n 6 = 0
Xv1009=0
5 ) v i  0 10 =v 1009 / v 1 0 12  
v 1 009=v 1 009+v2 
v ( l 020+n6 )=v 1 0 1 0
201
n 6 r : n 6 + 1  
- *5 « n 6 / n 1
v 1 0 1 3 = v 1 0 2 1 - v 1 0 2 0
v 1 0 1 4 = 0
n 6 = 0
6 ) v (  1 2 2 1 + 1 1 6  ) f t v ( 4 + n 6 ) + v ( 6 0 9 + n 6 )  
v (  1 2 2 1  + n 6 ) = : v (  1 2 2 1  + n 6  ) + v ( 8 0 9 + n 6 )  
v ( l 4 2 1 + n 6  ) : = v (  1 2 2 1 + n 6 ) x v 1 0 1 3  
, v 1 0 l 4 = v 1 0 l 4 + v ( l 4 2 1 + n 6 )
1x6 = 1 16 + 1
*+6 , n 6 / n 1  
n 6 = : 0  
v 1 0 1 5 = 0  
v 1 0 l 4 f t l / v 1 0 l 4
7  )  v (  1 2 2 1 + n 6  ) = i v (  1 2 2 1 + n 6  ) x v 1 0 l 4  
v 1 0 1 3 = v ( 1 2 2 1 + n 6 ) + v 1 0 1 5
n 6 = n 6 + 1
- > 7 j f t 6 / n 1
v 1 0 1 5 f t l / v 1 0 1 5
n 6 = 0
8  ) v ( l 4 2 1 + n 6 ) f t v (  1 2 2 1 + n 6  ) x v 1 0 1 5  
n 6 = n 6 + 1
- > 8 ,  i x6 / x x 1  
v 10 16== 0  
rx6=:0
9  ) v (  I 6 2 1 + z x 6  ) = r v ( l 4 2 1 + n 6 ) + v 1 0 l 6  
v 1 0 l 6 = v l 0 l 6 + v (  l 4 2 1 + i x 6 )  
rx6 = n 6 + 1
•+9 ? i x6 / n 1  
n 6 = 0  
v 1 0 1 7 = 0  
1 0 ) v (  l 8 2 1 + i x 6 ) = v (  1 0 2 0 + i x 6 ) - 1  
v (  1 8 2 1 + i x 6 ) = : v (  1 8 2 1 + n 6  ) x v (  l 8 2 1 + n 6 )
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v( l821+n6 )=v( 1821+116 )xv( 1 2 2 1+n6)
v101?=v1017+v( 1821+ii6)
n6=n6+1
•4 1 0 ,n6/n'l
v1017=v1017xv1013
TEXT
DIM. TIME NORM. CONC. NORM. CULM CONC. 
n6=0
11 )PRINTv(1020+n6 ) , 3 0 6 4
PRINTvC1221+n6 ) , 4 0 6 4
PRINTv(1621+n6) , 4 0 6 4
n6=n6+1
•411 ,n6/n1
TEXT
VARIANCE 
PRINTvl017,1008 
(40)
- 203 -
A P P E N D I X  I I
Tables of Results
TABLE
Weir height:
System:
Air rate:
Downcorner width:
3 inches.
Air-aqueous glycerol (35% glycerol 
by weight).
No mass transfer,
384 ft.5/min., F. = 1.70.
5 inches.
Expt, No, ! -
 
| *_
» 1 . 2 1.3 1.4 1.5 1 . 6 1.7 1 . 8 1.9 1 .1 ° (
R 5.1 10 . 0 1 5 . 0 20.0 25.0 30.0 35.0 40.0 45.0 5 0.0 ]
L (gal,/min.) 4.25 8.35 12.5 16.7 20.8 25.0 29.2 33.4 37.6 41.7
Zow (ins.liq.) 0.24 0.37 0.50 0.60 0.70 0,80 0.87 0,96 1 .0 3 1 . 1 1
Zp(calc) ins.liq. 3.24 3.37 3 .5 0 3.60 3.70 3.79 3.87 3.96 4.03 4.11
Z^ ( c ent) ins, liq. 7.9 8.3 8.7 9.1 OSCILLATION!< ———«
Zp(cent) ins.liq. 1 . 00 I.03 1 . 0 5 1.05 1 , 1 0 1 , 2 0 1.25 1 . 3 0 1.4o 1.45
Z^ (weir) ins, liq. 6 . 1 6.7 7.1 7.4 OSCILLATIONS — — —  - -■
Zp (weir ) ins. liq. 2.50 2.60 2.75 2.91 2.97 3.05 3.10 3.13 3 .20 3.30
Zp( ave,) ins. liq. 1.47 1.52 1.58 1 . 6 3 1 .69 1.78 1 . 8 3 1 , 87 1 .96 2.03
Zp (D) ins, liq. 1 . 6 1 1 .66 1 . 7 2 1.77 1.83 1.92 1,97 2 ,0 1 2 . 1 0 2.17 i
B (D) 0,50 0,49 0.50 0.50 0,50 0 ,5 1 0.-51 0.52 0.52 0.53
hfp ins. water 4.38 4.52 4.63 4,75 4.84 4.96 5.04 5 . 1 0 5.26 5.31
h.(1 ins, v/ater 2.07 2 . 1 8 2,28 2.38 2.48 2.59 2.69 2.79 2.89 3.00
Zp (h) ins. liq. 1 . 8 1 1.91 2,00 2.09 2 , 1 8 2.27 2 .36 2,45 2.54 2.63
B (h) 0.56 0.57 0,58 0.38 0.61 0,62 0.64 0.65 0.6? 0,68
0 (B) 0.20 0.29 0,20 0.20
0 (h) 0.27 0,23 0.23 0.23
Z^ (D) ins. 7.6 8.2 8.8 9.7 10,6 11.4 1 2 , 1 12 ,8 13.4 13-8
Lp ins, liq. 6.68 7.00 7 .22 7.50 7.70 7.92 8 . 1 3 8.38 8.55 8.75
1dc (ins. liq.) 0 . 18 0.20 0 .21 0 .21 0,2.2 0.22 0.23 0.23 0.24 0.25
Pp (ins. liq.) 0.00 0,00 0.00 0. 1 0 . 1 0 . 1 0 . 1 5 0.15 0.2
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TABLE 2
DYNAMIC HEAD PROFILE
Experiment No, 1A . 1 1A.2 1A.3 1A.4 1A.5
I 
VO 
|
4 
!
 ^
i
1A.7 1A.8 1A.9 1 A . 1 0
. . .
Rotameter Reading 50.0 45.0 40.0 35.0 30.0 25.0 20.0 1 5 . 0 10 .0 5 .0
Dynamic Head No.1 3 .20 3 .00 2.88 2.80 2.70 2.55 2 ,50 2*35 2 . 1 0 1 .95
O
J•o 2 . 1 0 1 . 9 0 1.75 1.65 1 .6 0 1.50 1.4o 1.30 1.13 1 . 0 3
No.J. 2 .0 1 1 .88 1 . 7 5 1 .69 1 . 6 1 1.58 1.51 1.40 1.34 1 . 2 5
No. 4 1 .98 1.90 1.75 1 . 7 0 1.65 1.65 1.55 1 . 5 0 1.45 1 . 4 5
No.5 2 .20 2.00 1 .90 1 .80 1.75 1.75 1.65 1 .60 1.55 1 . 4 5
No. 6 2 .20, 2 . 1 5 2 . 1 0 2.00 1 .85 1.75 1 .65 1 .60 1.50 1.4o
No.7 2.68 2.65 2.60 2.45 2.40 2 .30 2.1 8,2 . 1 0 2 .0 1 1 . 8 3
No. 8 3.45 3.45 3.40 3.30 3.25 3.15 3.05 2,95 2.85 2.70
Total Pressure 
Drop
4.45 4.38 4.27 4.17 4 . 1 0 4,01 3.98 3.80 3.70 3.40
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Fa = 1.7
TABLE 3
DYNAMIC HEAP PROFILE
Experiment No, 1B.1 1B.2 1B.3 1B.4 1B.5 1B.6 IB. 7 1B.8 1B.9 1B.10
Rotameter Reading 51.0 46,0 40,0 35.0 30.0 25.0 20.0 15.0 10 .0 5 .0
Dynamic Head No,1 3.15 2.95 2.85 2,75 2.65. 2,55 2.45 2 .30 2 , 1 5 1,88 I
No. 2 1.95 1.75 1 .65 1 .60 1 . 5 0 1.45 1.30 1.23 1 . 1 0 0.95
No.3 1.98 1.90 1 .68 1 .65 1.55 1.49 1.40 1.30 1 . 2 0 1 . 1 0
No. 4- 2.02 1.90 1 . 85 1 .80 1 .60 1 . 5 0 1.50 1.50 1 o30 1 . 2 0
No.5 2.02 1.95 1 .85 1.75 1 . 7 0 1 .65 1.55 1 . 5 0 1.40 1.30
No .6 2.02 1.95 1 .88 1 . 82 1 . 7 0 1 . 7 0 1.55 1 . 5 0 1.4o 1.30
No.7 2.65 2.60 2 .50 2.40 2 .30 2.25 2 . 1 7 2.05 2.00 1 . 7 8
No, 8 3.4-0 5.50 3.25 3.25 3 .20 3 . 1 0 3.05 2.95 2.85 2.65
Total Pressure 
Drop
4,65 4.60 4,50 4.45 4.33 4.22 4.17 4.00 3.90 3.70
IT A B L E
Weir height:
System;
Air rate:
3 inches.
Air-aqueous glycerol (55% glycerol 
by weight.)
No mass transfer.
314 ft ri/min. F = 1.40.
Downcomer width: 5 inches*
Expt. No.
i
x- 
;
0 
I
CM 
•! 2 ,2 2.3 2,4 2.5 2.6 2.7 2,8 2,9 2 . 1 0
R 5.0 9.5 15.9 20.2 25.0 30.0 35.0 40.1 46.1 49.9
L (gal./min.) 5 . 1 8 7.93 13.3 16 .8 20.8 25.0 29.2 33.5 38.5 41,6
ZQW (ins. liq.) 0.24 0.36 0.52 0.60 0.70 0.79 0.87 0.96 1.05 1 . 1 1
Z (calc) ins.liq. c 3.24 3.36 3.52 3.60 3.70 3.79 3.87 3.96 4.05 4.11
Z^(cent) ins. 7.3 7.7 8 . 1 8.5 8.9 9 . 1 0 9.3 9.7 9.9 1 0 , 1
Zp(cent) ins,liq. 1.31 1.40 1.49 1.50 1.58 1 .65 1.73 1 .80 1 .89 1.95
Zp,(weir) ins. 5.7 6 , 1 6.3 6.7 6.9 7.3 7.5 7.7 7.9 8 . 1
Zp(weir) ins.liq. 2.45 2.59 2.69 2.80 2.90 3.00 3 . 1 0 3.19 3.30 3.40
Zp(ave) ins. liq. 1.67 1.77 1 . 87 1.91 1.99 2.07 2 . 1 6 2,24 2.33 2.40
Z (D) ins. liq, c ■L 1.77 1 . 87 1.97 2 o 01 2.09 2.1 ? 2.26 2.34 2,43 2.50
B (D) 0.55 0.56 0,56 O.56 0.57 0.57 0.58 0.59 0.60 0.61
hp, (ins, water) 5.37 3.56 3.69 3.75 3.90 4.00 4.10 4.20 4.30 4.4o
h^ (ins. water) 1 . 8 2 1.92 2.05 2 . 1 6 2.27 2.38 2.4o 2,60 2.70 2 .8 1
Z (h) ins, liq. 1.59 1 .68 1.79 1 .89 1.99 2.08 2 . 1 6 2.27 2.37 2.46
B (h) 0.49 0.50 0.51 0.53 0.54 0.55 0.56 0.57 0.59 0.60
0 (h) 0.2 1 0 ,2 1 0.22 0.23 0.23 O.23 0.23 0.24 0.24 0,25
0 (D) 0.23 0,24 0.24 0.24 0.24 0.24 0,24 0.25 0.25 0.24
Zj, (D) ins. 6.9 7.5 8 . 1 9.1 10 .0 10.8 1 1 . 8 12.5 1 3 . 0 1 3 . 2
Lp (ins. liq.) 5 .82 6.23 6.62 6.85 6.95 7 . 1 0 7.29 7.40 7.65 7.80
Pdc (ins, liq.) 0.22 0,23 0.26 o« 26 0.27 0.28 0.30 0.31 0,33 0.35
Pp (ins. liq.) 0. 1 0 . 1 0.15 0.15 0 . 1 5 0.2
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TABLE 5 
Weir height 3 inches.
System Air-aqueous glycerol (55% glycerol
by weight).
No mass transfer.
Air rate: 2?0 ft.^/min. F^ ft 1.20
Downcomer width: 5 inches.
Expt. No. 3.1 3.2 3.3 i
-d- !j
K\ | 3.5 3.6 3.7 3.8 3.9
——— j 
3 .10|
R 5.0 10.0 1 5 . 0 20.0 23.0 30.0 35.0 4o.o 45.5 50.0
L (gal./min,) 4.18 8.35 12.5 16 . 7 20.8 25.0 29.2 33.4 38,0 41.7
ZQ^  (ins, liq.) '0.24 0.37 0.50 O « On O 0.70 0.79 0.87 0.96 1,04 1.11
Z (calc) ins. c 3.24 3.37 3.50 3.60 3.70 3.79 3.87 3.96 4,o4 4.11
2^ (cent) ins. 6.7 7.1 7.5 7.9 8.3 8.5 8.7 9.0 9.1 9.3
Z-p(cent) ins.liq. 1.30 1.40 1 .6 0 1 .69 1.73 1 , 8 1 1.90 1.98 2.08 2.10
Z^(weir) ins. 5.5 5.7 6.1 6.3 6.6 6.9 7.1 7.4 7.7 7.9
Z^(weir) ins.liq. 2.55 2.65 2.75 2.83 2.95 3.05 3.15 3.25 3.35 3.45
Zp(ave) ins.liq. 1.69 1.79 1.97 2.03 2.13 2,20 2.27 2.38 2.48 2 .52
Z (D) ins, liq, c 1.76 1.86 2,04 2.12 2.20 2 .27 2.34 2.45 2.55 2.59
B (D) 0.59 0.59 0.38 0.39 0.60 0.60 0.61 0,62 0.63 0.63
hr^ (ins. water) 3.09 3.31 3.41 3.31 3 .6 1 3.75 3.83 4,00 4.12 4.20
hp (ins. water) 1.83 1.95 2.08 2.19 2.33 2.43 2.56 2,70 2,82 2 • 94
Zq (h) ins. liq. 1 . 6 1 1.71 1 . 8 3 1.92 2.04 2,15 2.25 2,37 2,47 2.58
B (h) 0.50 0.51 0.32 0.33 0.55 0.37 0.58 0.60 0.61 0.63
0 (h) 0.23 0,24 0.23 0.23 0,26 0.26 0.26 0.27 0.27 0.28
0 (D) 0.26 0.26 0.27 0.27 0,27 0.27 0.27 0.28 0.28 0.28
ZF (D) ins. 7.0 7.5 8.0 8.8 9.8 10.3 11.1 11.8 12.2 12.4
L^ (ins. liq.) 5.51 5.90 6.30 6.30 6.70 6,89 7.15 7.30 7.60 7.70
Pdc (ins. liq.) 0.20 0.25 0.26 0.27 0.28 0,29 0.30 0.32 0.33 0.34
PD (ins, liq.) 0.1 0,1 0. 1 0.15 0 . 1 5 0,2
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Weir height:
System: Air-aqueous glycerol (53% glycerol 
by weight).
3 inches.
Air rate:. 
Downcomer width;
No mass transfer. 
190 ftP/min. F 
5 inches,
A 0.85
Exp t. No. 4 . 1 4.2 4,3 4.4 4.5 4.6 4.7 4,8 4.9 4.10
R 6.5 10 .0 1 5 . 0 20.0 25.0 30.0 35.0 40,0 45.0 50o0
L (gal./min.) 5.43 8,35 12.5 16.7 20.8 25 .0 29.2 33,4 37.6 41.7}
i.Av y m s  •UVv 0 .28 0,37 0.50 0.60 0.70 0.79 0.87 0.96 1.
|
1 .1 1 :
Z (c ale) c ins, liq. 3 .28 3.37 3 .50 3.60 3.70 3.79 3.87 3.96 40.3 4.11’
ZF (cent) ins. 6• 3 6.7 6.9 7.2 7.5 7.7 7.9 8.3 8,3 8.7
Zp(cent) ins.liq* 1 ,60 1 . 7 0 1 .80 1.90 1.90 2.00 2,05 2.05 2.10 2,20
Z.? (weir) ins. 5.2 5*4 5.7 6,0 6,4 6.6 6.8 7.1 7.2 7.5
Zp(v;eir) ins. liq. 2 .60 2.70 2.70 2.80 2.91 3.01 3.05 3.30 3.40 3.50
Zp(ave) ins. liq, 1*91 20* 1 2.08 2 018 2,22 2.32 2.36 2.44 2,51 2 .61
Z (D) ins* liq. 1.94 2.04 2.11 2.21 2,25 2.35 2.39 2.47 2.54 2.64
B (D) 0.59 0.61 0,61 0.61 0.61 0.62 0.62 0.62 0.63 0.64
(ins. water) 2 .82 2.99 3 . 1 7 ,3 .28 3.41 3.58 3.68 3.82 3.94 4.00
h-, (ins,if water) 2 .09 2,24 2.37 2.50 2.63 2,76 2.89 3*03 3 . 1 6 3*28
Z (h) ins, liq, c A 1.83 1.96 2.07 2.19 2.30 2.42 2.53 2,65 2.77 2.88
B (h) 0♦55 O.56 0,57 0.59 0,61 0.62 0.63 0.64 0.66 O.67
0 (h) 0.29 O.29 0.30 0.30 0 .3 1 0.31 0.32 0.33 0.33 0.33
0 (D) 0.50 0.30 O . 3 1 0 ,3 1 0 .3 1 0.31 0.30 0.30 0,3 1 0.30
Z^ (D) ins, liq. 7.3 7.5 8,0 8.8 9.6 10.5 11,2 11.5 11.8 1 1 , 8
=Lp ins. liq, 5.42 5.72 5.95 6,20 6,42 6.72 7.00 7.15 7.38 7.60
P, ins, dc liq. 0,.2'i 0.25 0.26 0.27 0.28 0.29 0.30 0,32 0.33 0.34
Pp ins. liq • 0 , 1 0.1 0.1 0 . 1 5 0.15 0.2
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System: Air-glycerol (55% glycerol by
weight)* No mass transfer.
Liquid flow rate; 8.35 ga'l./min.
Zc (calculated) = 3*371 inches.
Downcomer width: 5 inches.
Weir height: 3 inches.
Expt, No. j5*1 5*2 5*3 5o4 5.5 5.6 5*7 5.8 5.9
h ins. watern 2,00 2 .5 3.00 3.70 4.60 5.40 6.20 7.00 7.80 8.606Q ft /min. 190 210 232 258 288 311 334 354 375 393
"ii 0.85 0.94 1,04 1.15 1.29 1.39 1.49 1 . 5 8 1 .68 1 ,75
0*72 0.88 1 .08 1*32 1.65 1.93 2 .22 2.50 2.80 3.05
U ft./sec.o 34.4 38*1 42*1 46,8 52,2 56.5 60,5 64.2 68,0 71.3
U (ft./sec) o 1 180 1445 1770 2180 2715 3190 3650 4110 4610 5070
U , ft,/sec. 3*34 3.70 4.10 4.55 5.07 5+49 5.88 6.25 6.60 6.93
Z.- (ins. liq.)ri 0.04 0.04 0*05 0.06 0.08 0.09 0 , 1 1 0 . 12 0,14 0.15
Z^ (cent) ins. 6*7 6,8 7.0 7.25 7.6 7.85 8,05 8.35 8+55 tPT*
Zp(cent) ins. liq.. 1 . 6 0 1 .6 0 1 .60 1 . 5 0 1.40 1.30 1.30 1 . 3 0 1.15 1.05
Z©weir) ins.liq. 5.25 5*3 5.45 5.65 5.90 6.20 6  ^u• j 6.75 7.1
Zp(weir) ins*liq. 2.65 2.65 2.65 2.65 2.60 2,60 2.60 2.60 2.60 2.60
Zp(arc) ins.liq. 1.93 1.93 1.93 1 .86 1.76 1.71 1 . 7 0 1.71 1 .6 0 1.54
Zp(D) ins, liq* 1.98 1.95 1*93 1 .89 1.85 1 , 8 2 1 . 80 1.77 1 . 76 1.75
0 (D) 0.30 0.29 0,28 0.26 0.24 0.23 0.22 0 .21 0 .2 1
3 (D) 0,60 0.59 0.57 0.56 0.55 0.54 0.54 0.53 0.52 0.52
hj, ins, water 2,82 2+95 3.14 3.30 3.50 3.76 4.00 4.20 4.45 4.64
■h™ ins. v/ater DP 0.55 0.64 0.81 0.97 1 , 2 2 1.43 1.64 1 .85 2.05 2.23
hp ins. water 2.07 2 , 1 1 2.13 2 . 1 3 2,08 2,13 2 . 1 6 2.15 2.20 2 .23
Zp(h) ins. liq. 1 .8 2 1+85 1*87 1 .8? 1.83 1.87 1.90 1 .89 1.93 1.95
B (h) 0.54 0.55 0.55 0.56 0.54 0.56 0.57 O .56 0.57 0,60
0 (h) 0.28 0.27 2,27 0.26 0.25 0.24 0.24 0.23 0,23 -
tip'(D) ins. 7*4 8.0 8.2 8.4 8.7 9.0 9.2 9.5 9.7 10 . 0
Lp (ins. liq,) 5.50 5*51 5.70 5.80 5.93 6 . 1 5 6.38 6.58 6.80 7 .01
P^c (ins. liq.) 0 . 1 2 0 . 1 2 0 . 1 2 0 , 1 2 O. 1 2 0 , 1 2 0 , 1 2 0 . 1 2 0 , 1 2 0 . 1 2
Pp ins. liq. NIL NIL NIL NIL NIL NIL NIL NIL NIL NIL
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System; Air-aqueous glycerol (35% glycerol
hy weight). Ho mass transfer.
Liquid flow rate: 18.4 gal./min.
Z n  (calculated) = 3*639.
TABLE 8
Weir height; • 3 inches.
Downcomer width; 5 inch©
Expt, No. 6.1 6.2 6.3
ho (ins. water) 2.00 2.75 3.^5V
Q 3tt. /min. 190 22^ 250
0.85 1 . 0 1.11p(F )i. 0.72 0.99 1.23
u ft ,/sec. 34.4 k o A ^5.30
u0 (it./sec .)2 •II.80 1625
0AOCM
Jrx ft./sec. 3.34 3.92 A.Ao
ZM (ins. liq.) 0.04 0.05 0.06
ZF (centre) ins, ,7.1 7.5 7.75
ZD(cent) ins.liq. 1 190 1 ,85 1 .80
zr (weir) ins. 5.80 6,09 6,3
(weir) ins• liq. 2.90 2.90 2.90
(ave) ins • liq. 2.21 2 . 1 8 2.1A
zc (D) ins. liq. 2.28 2.23 2.19
0 (D) 0.33 0,30 0.29
B (D) 0.63 0.61 0.60
hT ins. water 3.30 3.^0 3 .60
h^p ins. water 0.52 0.72 0.93
hF ins. water 2.43 2.^8 2.4-1
ZC (h) ins. liq. 2.14 2.17 2,11
B (h) 0.58 0.60 0,58
0 (h) 0.30 0.29 0.28
ZF (D) ins. 8.8 9.3 9.6
ld ins. liq. 6.00 6 . 1 5 6.30
P, ins. dc liq 9 0.25 0.25 0,25
PD ins. liq. NIL NIL NIL
iw     imn*niiMi»BiiiMi n> i * *rt—t*"- ■ • inn-— ■» «   
6,4 6.5 6,6 6,7 6.8 6.9 6 . 1 oj
— «m     mi ■i m.r *  r r n       ............... ................. ...................— ■
4 . 1 0 4.75 5.60 6.40 7 . 1 0 7.85 9.00
271 293 318 342 358 377 403
1 . 2 1 1 . 3 0 1 ,41 1 . 5 2 1.59 1 .68 1 . 80
1.46 1 .69 1 .98 2.30 2 .5 2 2.82 3.24
49.1 5 3 . 1 57.6 62,0 65,0 68.4 73 ,0
2410 2813 3310 3840 4210 4650 5310
4.77 5 . 1 6 5 .60 6.02 6.32 6.65 7 . 1 0
0.07 0.08 0 . 1 0 0 . 1 1 0 , 1 2 0.14 0. 16
7.75 8. 1 8.35 8.6 8.85 9.1
1 . 7 0 1 . 7 0 1 . 6 5 1 . 6 5 1 . 5 0 1 . 3 0 1 .00
6.6 6.9 7.25 7.5 7.7 7.9
2.90 2.90 2.85 2.85 2.85 2.85 2.85
2.08 2,08 2 .03 2.03 1 .9 2 1 . 7 9 1 . 5 8
2 . 1 6 2 . 1 3 2 . 1 0 2.06 2.04 2 .03 1 .98
0.28 0.26 0.25 0.24,0.23 0.22 - 
0.59 0.59 0.58 0.57 0.56 0.56 0.55
3.71 3.80 4.15 4.35 4.45 4.81 5.13
1 .09 1 . 2 3 1.48 1 . 7 0 1 .87 2.07 2.36
2.41 2.49 2.42 2.49 2.49 2 .5 3 2.58
2.11 2 . 1 8 2.12 2 . 1 8 2 . 1 8 2.22 2.26
0.58 0.60 0.58 0.60 0.60 0.61 0.62
0.27 0.2? 0.26 0.25 0.25 0.24 -
9.8 1 0 . 1 10.3 10 .4 10.7 10.9 1 1 . 2
6.40 6.50 6.78 7 . 1 0 7 .20 7.41 7.83
0.25 0.25 0.25 0.25 0.25 0.25 0.25
NIL NIL NIL NIL NIL NIL NIL
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Liquid flow rate 
Downcomer width:
Weir height:
System: Air-aqueous glycerol (35% glycerol 
by weight). No mass transfer,
27.5 gal./min,
Zp (calculated) = 3.840 inches,
5 inches.
TABLE 9
3 inches,
Expt. No, 7.1 7.2 7.3 7.4 7.5 7.6 7.7 7.8 7.9 7.1cj
h ins, water 2,00 2.75 3,50 4.10 4,85 5.60 6.25 7.00 7.65 8,75!
Q ft,/min. 190 222 250 271 295 318 335 356 370
I
397
FA ^ 0,85 0.99 1 . 1 2 1 . 2 1 1.32 1.42 1.50 1.59 ©65 1 . 7 8
(F ) K AJ 0.72 0.99 1,25 1.46 1.74 2 .0 1 2,25 2,52 2.72 3.16|
U. ft,/sec. 34,4 40.3 45.3 49.1 53.5 57.7 60.7 64,5 67.1 7 2,0]
II 2 (ft./sec. ) 2 ll80 1620 2050 2403 2850 3325 3680 4150 4500 5 185
UA 3.54 3,91 4,40 4,77 5 .20 5.60 5.90 6,27 6.53 7.00
ZM (ins, liq.) 0.03 0.05 0,06 0.07 0.08 0 . 10 0 . 1 1 0 . 1 2 0 . 1 3 0.15
(centre) ins. 7.5 7.7 8,0 8.25 8,5 8,75 9.0 9.2 9.35 -
Zp(cent) ins.liq, 2.00 2.00 1.95 1 ,80 1 ,80 1 ,80 1 .60 1.50 1.35 1.35
ZF (weir) ins. 6,5 6,65 6.90 7.05 7.4 7.7 7.7 8.05 0.2 —
Zp(weir) ins.liq* 3 . 1 0 3 . 1 0 3 . 1 0 3 . 1 0 3 . 1 0 3 . 1 0 3 . 1 0 3 . 1 0 3.10 3 . 1 0
Zp(ave) ins.liq. 2.38 2 .3 2 2.27 2 .22 2,19 2,15 2 . 1 1 2,08 2.06 2.00
Zp(D) ins, liq. 2 .42 2.37 2.33 2.29 2.27 2,25 2.22 2.20 2.19 2.15
0 (D) 0.33 0.31 0.29 0,23 0.27 0.26 0.25 0.24 0.24
B (D) 0,63 0.62 0.61 0.60.0.59 0.59 0.58 0.57 0.57 0.56
h^ ins, water 3.41 3.72 3.92 4.03 4.20 4,4o 4,60 4.82 4.99 5-35
hpp ins, water 0.52 0,72 0,94 1 .09 1 .29 1 a 48 ©65 1 .85 2 .0 1 2 ,30
h-F ins. water 2.79 2.80 2.78 2.74 2.71 2 .72 2.75 2,77 2.78 2.85
Zrt (h) ins!iq. 2.45 2,46 2 «44 2.40 2,38 2.38 2.41 2.43 2.44 2.50
B (h) 0,64 0.64 0,64 0.63 0.62 0,62 0,63 O .63 0,65 0.64
0 (h) 0.31 0,30 0.29 0.29 0.28 0.27 0.27 0.26 0.26 ~
Zp (D) ins. 10 .0 10.3 10.6 1 1 . 0 11.5 11.4 11.9 1 2 , 0 1 2 , 0 12 .6
Lp ins. liq. 6.60 6.75 6.90 7.05 7.14 7.35 7.55 7.83 7.90 8 . 18
P. ins. liq. 0,30 0,30 0.30 0,30 0.30 0.30 0,30 0,30 0.30 0.30
Pp ins. liq. 0, i 0 . 1 0 . 1 0 . 1 0 . 1 0 , 1 0 , 1 0 . 1 0.1 0. 1
Liquid flow rate: 
Downcomer width:
Weir height:
System:
Expt . No. 8 , 1 8 .2 8.3 8.4 8.5 6.6 8.7 8.8 8,9 8 . 1 0
h ins.rs v/ater 2 . 1 0 2.80 3.50 4,20 4.90 5.65 6.25 7*00 7.80 8 0 4o
JQ ft,©min. 194 225 250 274 298 319 335 356 376 389
FA 0.87 1 . 0 1 1 . 1 2 1 . 2 0 1.33 1 .4.1. 1 . 5 0 1.59 1 .68 1 „74;
(F )2 0.76 1 . 0 1 1.25 1 ,44 1.76 1 ,98 2.25 2,52 2 ,8 1 3 = 02
U ft ,/sec.n 35.2 40.8 45.3 49.6 54.0 57.9 60,8 64,5 68. 1 70.5
U (ftn ./sec.) 1240 1660 2050 2455 2810 3350 3685 4150 4640 4950
U ft./sec. 3.42 3.96 4,40 4.83 5.20 5 .62 5.90 6.26 6.63 6.85
Z ins. liq. o.o4 0.05 0.06 0.07 0.09 0 . 10 . 1 1 0 . 1 2 0.14 O . 1 5
ZHcentX ) ins.liq.i18.3 8.5 8.75 9.05 9.25 9.60 9.85 10 . 3 10 , 3 >
ZD(cent)ins.liq.;2,15 2 . 1 0 2 . 1 0 2,00 1.90 1.75 1 .65 1 ,65 1 . 5 0 1.4o
(weir)ins,liq. 6,9 7.2 7.5 7.7 7.95 8.15 8.35 8.7 8.85 *
Zp(weir) ins .liq.i 3*30 3.30 3 + 30 3.30 3.30 3.30 3.30 3-30 3 .3 0 3.30
Zp(ave) ins•liq♦ 2.51 2.48 2.48 2,41 2.34 2.24 2.17 2.17 2 . 06 2.09
ZD (D) ins.liq. ;2.55 2.51 2.4? 2.45 2 • 42 2.40 2.37 2.33 2.33 2.31
0 CD) 0.31 0.30 0,28 0,27 0.26 0,25 0,24 0.23 0.23 -
B (D) 0.63 0,62 0.61 0.60 0.60 0.59 O .58 0.57 0.57 0.57
ins. water 3.90 4,05 4,08 4.34 4.48 4.64 4.87 5.09 5.34 5.50
hpp ins.water 0.58 0.76 O.90 1 .09 1 . 2 2 1.45 1 .65 1.85 2.05 2 .2 1'
ins. water 3 c12 3.09 3.08 3.05 3.06 2.99 3 .02 3.04 3*09 3.09
zc (h) ins.liq. 2.74 2,71 2.70 2.67 2.68 2.62 2.65 2.66 2.71 2.71
B (h) O.65 0,65 0.65 O.65 0,66 0,66 0.65 0.65 0.67 0.67
0 (h) 0.32 0,31 0.30 0,30 0.29 0.28 0*28 0.27 0.27 **
©  U» ins. 11.5 1 1 . 8 1 2 . 0 12 . 5 13 . 0 13.5 1 3 . 9 14.3 14.7 15.0
Lp (ins, liq.) 7*16 7.40 7.70 7.90 8 . 10 8.34 8,49 8,67 8.82 8.99
P, ins dc • li q , O .35 0.35 0,35 0.35 0.35 0.35 0.35 0,35 0.35 0.35
Pp ins. liq. 0.20 0,20 0.20 0.20 0.20 0,20 0,20 0.20 0.20 0.20
TABLE 10 
3 inches.
Air-aqueous glycerol (55% glycerol 
by weight). No mass transfer,
40 gal,/min.
Zp (calculated) = 4.08 inches,
5 inches.
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TABLE 1T
System Air-aqueous glycerol (55% glycerol
by weight). Oxygen desorption
by air,
Fa = 1.20Air rate:
Downcomer width: 5 inches, 
Weir height: 3 inches.
Expt, Do* 9.1 9.2 9.3 9.4 9.5 9.6 9.7 9.8
I
9.9
R 5-0.0 45.0 39.0 33.0 27.5 21.0 13.5 7.5 * . 0
L gal./min. 41.7 37.5 32.5 27.5 22*9 17.5 1 1 . 3 6.3 3.3 !
Z (D) ins. J- 12.5 12.3 12.0 11,5 10 .2 9*2 7.9 7.2 6.8 J
Z^  (D) ins* liq. 7.70 7.60 7.40 7.13 7.00 6,70 6.21 5.85 5.59
Z^ (cent.) ins. 9.26 9.05 8,86 8*66 8.21 7.68 7.49 6.91 6,7d
ZF (weir) ins. 7.93 7.76 7.50 7.21 6.86 6,31 5.90 5.45 5.31
h^ ins. water 4-19 4*10 3.91 3.83 3.67 3.50 3.30 3 .20 3.10
T°C 23.4 23.4 23 .2 23.0 22.8 22.5 22,2 21.8 1 M ;
x XN 3.73 3.73 3.73 3 .8 1
TRAY
3.90
ONLY
3.96 3.91 4.18. 4,01
" x OUT 2,86 2.80 2.74 2,69. 2.62 2,38 2.04 1.71 1.04
E14L 37.9 39.9 41.3 44,5 48.5 56.4 68.5 83 . 1 96.^
2Or* .093 .098 . 103 .107 .111 .114 .117 .119
nl .392 .377 .459 .527 .608 .761 1.07 1 .6 2
M.R.T. secs. 6.75 7.25 8.00 9.00 
THAI PLUS
1 0.2 12.4 
DOWNCOMER
17.2 28.8 47.5
x OUT 2.66 2,64 2 .61 2.56 2.50 2.29 1.92 1.54 1.11
xo-
37.9 39.9 41.3 44.5 48.5 56.4. 68.5 83 . 1 96.^
.054 .060 .067 .072 .075 .078 .080 .080 , 08c
nl .483 .560 .545 .6o4 .687 .858 1.20 1.91 3.71
M.R.T. secs. 11.2 12.2 13.9 15.4 17.4 21.1 30.2 51.0 92.7
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Air rate: = 1*70
Downcomer width: 5 inches*
Weir height: 3 inches*
TABLE 12
System: Air-aqueous glycerol (55% glycerol
by weight). Oxygen desorption
by air*
Expt, No. 10,1 10.2 10.3 10.4 10 .5 10,6 10.7 10,8 10,9M.*„ri.rr[. i«n t1-, i
R 4**95 44,4 4i,o 33.5 27.0 21.3 15.5 6.5
!
1 0,0.
L gal./min. 4*1.3 37.0 34*2 28.0 22.3 17.9 1 2 .9 5.4 8.35
Zj, (D) ins. 14-.0 13.4 12 .8 12.2 11.2 10.0 9.0 7.9 8.2
2C (D) 8.80 8.60 8.4o 8 . 19 7 .9 7.63 7.39 6.90 7.08
Z^, (cent.) ins. — — OSCILLATIONS--- - — 10.0 8.8 8,0 8.4
Z^ r (weir) ins. OSCILLATIONS--— ~ 7.3 7.5 6.2 6.8
hrp ins, water 5.31 5.21 5.15 5,08 4,87 4.72 4.61 4. 4l 4.51;
T°C 28,5 28.3 28.3 28.3 28.0 27.6 27.4 26.5 26,5.
x IN 3.73 3 78 3.90 3.9'! 4.03 4.01, 3.98 3.56 3.58
TRAY ONLY
x OUT 2*77 2,75 2.74 2.69 2.33 2.35 2,11 1.52 1.70:
eml 34,9 37.3 40.2 42.1 48.8 55.2 62,8 80.0 ?2.9:
o- 2 .094 .098 -.101 ,107 .110 ,114 . 1 1 6 . 1 1 9 .1 1 8 ,
hl ,434 .479 .512 .594 .702 .834 1.05 1 . 7 8 1.41
M.i-i.T. (secs.) . 6.80 7.30 7.71 8.85 10,3 12.2 16,6 25 .0 21.6
THAI PLUS DOWNCOMER
x OUT
Et,ML
2.48 2.43 
45 • 4 48«0
2.48
48.6
2.40
51.8
2 , 3 1
36.7
2,13
62,5
1,89
70.2
1 . 36 1 . 56 
86.0 78 . 1
M.R.T. secs. 9.60 10*6 11.4 13.4 15.9 18 .2 23.2 49,4 33*5
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Liquid flow rate: 41.3 gall./min.
Downcomer width: 5 inches.
Weir height: 3 inches.
TABLE
System: Air-aqueous glycerol (55% glycerol
by weight), Oxygen desorption
by air.
Expt. No. 1 1 . 1 1 1 .2 11.3 11+ 11.5 1 1 , 6 1 1 . 7  1 1 . 8 11.9 1 1 .10
ho ins. water 4.95 5.30 6.30 7A08.05 8.50 4.15 3.60 2.90 2 *3 0]
F . ' A 1 .34 1 .39 1.51 1.63 1.70 1 .74- 1 . 2 2 1 . 1 3 1 . 0 1 0.90
zF (D ) 0 ins. 12 .9 13■ 4 1 3 . 8 + . 1  14.4 +.5 12 .6 12.2 11.6 11.3
© (cent •) ins. 9.57 — — OSCILLATIONS— 9+5 8.95 8.67 8*28
© (weir ) ins • 7.92 — «S* *=• *:— OSCILLATIONS— 7.68 7.37 7+0 7.10
hT ins. v/ater 4.48 4.62 +.88 5 . 1 9 5 + 2 5.50 4*30 4.15 4.00 3* 94
T°C 23.6 23.6 23.6 23+ 23.3 23.2 23.5 23.6 23.6 23.5
X IN 'j *83 5 * 3.75 3.74 3.68 3+7 3.72 3.76 3.78 3 .8 1
THAI ONLY
X OUT 2 •91 2.86 2.85 2.85 2.80 2.80 2.89 2.96 2.97 3.00
EML 32• 5 32• 9 32 .8 3 2 .2 32 .8 32.6 30.5 30.0 29,2 29.0
- TRAY PLUS DOWNCOMER
X OUT 2,58 2.5+ 2.52 2.50 2+9 2+8 2.54 2.57 2 .6 1 2.65
: b ml 44.2 44.4 +.7 45.0 <(4.5 +.6 4 3 +  43.2 42.1 42,1
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TABLE 14
Liquid flow rate: 33.4 gal./min.
Downcomer width: 5-0 inches,
Weir height: 3*0 inches.
System: Air-aqueous glycerol (55% glycerol
by weight). Oxygen desorption
by air,
Expt, No. 1 2 , 1 1 2 . 2 12.3 12.4 12.5 12 ,6 1 2 . 7 12 .8 12.9 1 2 . 1 0
.h ins. o water 2.32 3.00 3.70 4,40 5 , 1 0 5.55 6.4o 7 . 1 0 8.05 8.75
:Fa. 0.91 1.03 1.15 1 . 26 1.36 1.42 1 . 5 2 1 .60 1.70 1.78
ft (v ins. 10 .5 10 .7 1 1 . 0 1 1 . 6 12.5 12,4 1 2 . 8 1 3 . 0 1 3 .0 13.4
Zp (cent .) ins. 7.87 8.15 8.45 8,78 9.05 -OSCILLATIONS— ----
Zp (weir) ins, .. 6.70 7.00 7.27 7.51 7.71 *n*> *-— OSCILLATIONS—
- hin ins •• T water 3.85 3.95 4.05 4.10 4,40 4.54 4.80 5.00 5.27 5.50.
T°C 24.0 24.0 24.0 24.0 24.0 24.1 23.9 23.7 23.5 23.4
x IN 3.93 3.93 3.92 3.92 3.91 3.88 3.86 3 .84 3.83 3.83
TRAY ONLY
,x OUT 2.91 2.90 2.90 2.86 2.84 2 .8 1 2.80 2.78 2.78 2 ,72
eml 34.1 35.0 35.0 36.3 36.8 37 .2 37.1 37.3 37.3 39.4
- TRAY PLUS DOWNCOMER
x- OUT 2,61 2.60 2.55 2.54 2,53 2.49 2.47 2.47 2.4? 2,42
X rrML 45.1 45.5 46.6 47.3 47.6 48.3 48.6 48.3 48.3 49.9 -
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TABLE 15
Liquid flow rate: 23.8 gal♦/min*
Downcomer width: 5«0 inches.
Weir height: 3.0 inches.
System: Air-aqueous glycerol (55% glycerol
by weight). Oxygen desorption by
air.
Expt, No. 13.1 1 3 . 2 13.3 13.4 13.5 1 3 .6 13.7 13.8 1 3 . 9 1 3 . 1 0  
....  t
ho (ins water) 2 . 2 1 2; 90 3.53 4.30 4.95 5.65 6.30 6.90
q I7.05 8.7.0 ?
FA 0.89 1 . 0 1 1 * 1 2 1.24 1.34 1.43 1.51 1.58 1 .65 1.7-6 |
2tF (D ) o ins. ' 9.3 9.6 9.8 10 .0 10 .2 10.3 10.4 10.6 10.8 1 1 . 1  I
ZF (cent ,) ins. 7.3 7.6 7.9 8.3 8 • 6 8.9 — -OSCILIi.TIONS---
ZF (weir■) ins. 6.3 6.7 7.0 7,3 7.6 7.8 — OSCILLATIONS— —
hT ins, water 3.50 3.55 3.70 3.91 4.10 4,28 h. LlLl <f.58 ^-85 5.15
T°C 23.6 23.5 23.5 23.5 23.5 23.4 23 + 23+ 23.3 23.2
X IN 4,04 4.01 4,00 3.99 3.99 3.99 3.97 3.99 3.99 3.97
TRAY ONLY
X OUT 2.77 2.75 2.74 2.69 2,65 2.65 2.62 2.62 2.62 2 .6 1
eml 41.6 42.0 42.0 43.5 44,9 44.8 +  .5 <i-5.9 <f5 .9 <16.0
TRAY PLUS DOWNCOMER
X OUT 2.48 2.44 2,41 2,40 2.41 2.37 2.35 2.35 2.35 2.30
: E-- ML 51.5 52.3 53.0 53.2 53.0 54.2 5^.6 5<f.9 5^.9 55.9
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System: Air-aqueous glycerol (55% glycerol
by weight). Oxygen desorbed 
by air.
Liquid flow rate: 16.7 gal,/min,
Downcomer width: 5 .0 inches*
Weir height: 3 .0 inches.
Expt, No, 14.1 14.2 14*3 14.4 14,3 14.6 14.7 14.8 14.9
ho (ins, water) 2.35 3.05 3.35 4.30 3.03 5.63 6.90 8.05 8.90
FA. 0,95 1.04 1 . 1 2 1.24 1.33 1.43 1 . 5 8 1.70 1.79
Z-T-tF (D ) 0 ins. 8 . 1 8.3 8.3 8.7 8.9 9.2 9.3 9.6 9.7
r/F (cent,) ins. 6.90 7.28 7.63 7.90 8.25 8.60 9-00 9.30 9.55
V (weir) ins. 5.83 6 . 1 0 6,41 6.70 6.9? 7.29 7.60 7.95 8.23
hT (ins. water) 5.30 3.40 3.52 3.69 3.90 4.12 4.49 4.75 5.00
ooE-l 23.0 23 .0 23.1 23.1 23.2 2 3 .2 2 3 . 1 23.1 23 .2
x IN 4.1? 4.13 4,12 4.10 4.03 4.02 3.98 3.97 3.98
- TKAY DNLY
x OUT 2,56 2.33 2 .32 2.48 2.44 2.43 2.39 2.38 2,40
e;ML 50.9 51 i5 31.4 32.3 52.8 52*7 53.4 53.6 54.9
TRAY PLUS !DOWNCOMER
x OUT 2.33 2.28 2.26 2,20 2.19 2 . 1 6 2.13 2*09 2.08
E 58,1 59 .3 59.7 61.4 6 1 , 0 6 1 . 6 62 . 1 63,4 63.9
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TABLE 17
Liquid flow rate 
Downcomer width: 
Weir height;
System:
11.7 gal./min.
5 o0 inches,
3.0 inches.
Air-aqueous glycerol (55% glycerol
by weight). Oxygen description
by air.
Expt, No. 15*1 15.2 15.3 15.4 15.5 15.6 15.7 15.8 15.9 1 5 . 1 0
h ins, o water 1 2.39 2.06 4.10 4.75 5.48 6.23 7.00 7.75 8.50 9.10
FA 0*92 1.04 1.21 ©31 1,41 ©50 ©59 1 . 6 7 ©75 1.85 Jt
h,p ins. water 3.24 3.24 3.50 3.70 3.95 4.20 4.4o 4.60 4.80 4.90
T°C 19.5 19.5 19.4 19.3 19.2 19.3 19.2 19.1 19.1 19.1
x IN 3.69 5.'76 3.79 3.78 3.78
TRAY
3.79
ONLY
3.84 3.84 3.88 3.88
■ x OUT 2.14 2.17 2.15 2,12 2,14 2.12 2,12 2.11 2.12 2.12
■ to 57.6 57.6 59.0 59.9
TRAY
59.2
PLUS
59.9 60.5 
DOWNCOMER
6©0 61 .0 6 1 . 0
x OUT : 1.97 1.98 1.97 ©94 1.93 ©91 ©91 ©91 ©90 1 .89
EML 64.0 64,3 65.1 66.2 66.7 67.4 68, o 68.1 68.9 69.0
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System:
TABLE 18
Air-aqueous glycerol (55% glycerol
by weight). Oxygen desorption
by air.
Liquid flow rate: 5.5 gal./min,
Downcomer width: 5*0 inches,
Weir height: 3*0 inches.
Expt. No. 1 6,1 16 . 2
iI 
ri 
s
16.4 16.5 16 ,6 16.7 16 .8 16.9
j
1 6 . 1 0
h ins* o water 2.17 3 .20 4.22 4.90 5.64 6.23 6.57 7.10 7.25 8.75
FA 0,88 1 .07 1.2-3 1.33 1.43 1.50 1.54 i •60 1 .6 7 1 . 7 8
hp ins, water 2.99 3.08 3.33 3.50 3^75 3.90 4.00 4.15 4,34 4.62
T°C 19.3 19.3 19.4 19*4 19.4 19.5 19.5 19.7 19.7 19.8
x XN 3.16 3.18 3 . 1 6 3.17 3.17 3.19 3 .2 2 3.21 3.24 3.25
TRAY ONLY
x OUT 1.53 1.53 1.51 1.51 1 . 5 0 1.51 1*52 1 .51 1.53 1.51
E, — ML 75.4 75.9 76.5 76.5 77.0 76,8 76.6 76.9 76.0 77.5
TRAY PLUS DOWNCOMER
x OUT 1 . 2 7 1 . 2 8 1.25 1.25 1,24 1.23 1.23 1 .24 1 , 2 2 1 . 2 2
E'ML 87.7 87.8 88.5 88.3 88,9 89.7 89.7 89 . 1 90,5 90.3
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TABLE 19
System: Air-aqueous glycerol (55% glycerol
by weight). Oxygen desorption
by air.
F, = 1.45.
ii.
Air rate:
Downcomer width: 1.75 inches
Weir height: 3 inches.
Expt. No. 1 7 . 1 17.2 17.3 17.4 17.5 17.6 17-7 17.8 1 7 . 9
R 5 .0 10.0 15.0 21.5 27.0 32.5 37.0 41.0 +8.5
L gal,/min. 4.18 8.35 12.5 17.9 22,5 27.1 30.9 34.2 ^0.5
(D ) ins,X O ' 15.4 14,0 12.2 10.6 9.6 9,4 9.0 8.5 8.0
Zn (D ) ins.liq. o o 5.85 6.30 6.48 6.79 7.01 7*30 7.49 7.6? 8.01
ins. liq* 0 . 10 0 . 1 0 0.15 0.20 0.20 0.30 0.30 0.4o 0.50
Z^ (cent.) ins. 7.4 7.9 8.0 8.4 8.9 9.2 9.5 9.9 9.9
Zj, (weir) ins. 5.7 6.1 6.3 6*6 6.8 7.3 7.6 7.7 8.2
hy ins. water 3 .62 3.80 3.98 4.10 4.25 4.37 4.40 4,4o 4.70
h^c ins. liq, 0.25 0.30 0,46 0.50 0,40 0.40 o.4o 0.35 o.ko
T°C \ 30.9 30.9 30.9 3 1 . 0 31.0 3 1 . 0 3%9 3 1 . 0 50.9
X in 3.97 3.96 3.96 3.94 3.90 4.20 4.11 4.08 k .03
TRAY ONLY
X out 1 . 5 0 1 . 9 1 2 .20 2.42 2 .61 2,94 2.89 '3.00 3 .07
EM l 84.1 70 . 1 60.4 52.9 44,9 40*0 29.5 35.3 32 .0
M.H.T, (Secs.) 34.5 21.6 1 6 . 0 12.2 10 . 3 9.0? 8.27 7.69 6.90
TRAY PLUS DOWNCOMER
X out O.89 1.76 2,15 2.41 2,51 2,86 2.88 2.92 2.98 ;
EM l 90.5 75.3 61.9 53.3 48.0 42,5 4o.1 38.1 35.0
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TABLE 20
Air rate: 
Downcomer width; 
Weir height:
System:
2.75 inches.
5 inches.
Air-aqueous glycerol (55% glycerol
by weight).
= 1.45.
Expt, No, 1 8 , 1 18 .2 18 . 3 18 .4 18 .5 18 .6 18.7 18 .8 18 .9
R 48.5 4i ,0 32 .0 27.0 22.0 18.5 14.9 10 .0 5.0
L gal./min. 40.5 34,2 26,7 22.5 18,4 15.4 12.4 8.35 4.18'
ft (V  ins* : 9.1 9.5 10,0 10.6 10.9 11.2 11.4 11.4 10.4
Z~(D ) ins.liq. G O 7,85 7.50 7.19 6.95 6.80 6.58 6.43 6 .2 1 6.01
B ins. liq. 0.30 0.30 0,25 0 . 19 0.15 O. 1 5 0 . 1 5 0.1Q. 0 . 1 0
2^ (cent.) ins+ ; 10.0 9.6 8,7 8.6 8.3 8.2 8.0 7.7 7.5 7
ZF (weir) ins, : 8.4 7.7 7,2 7.0 6.7 6.5 6.3 6.0 5.9 :■
hrp ins, water 4.68 4,40 4.30 4.20 4.05 4.00 3.90 3.78 3.65
h^c ins. liq. 0.70 0.60 0,85 0.80 0.70 0.60 0.4o 0.20 0.10:
t°g ; 32.1 31.0 3 1 . 2 31.4 31.4 31.4 32.0 32.0 3 2. o,
X in 4.40 4.23 4,23 4.28 4.29 4.41 4.49 4.48 4.48
TKAY ONLY
X out 3 . 1 8 3.10 2.96 2.80 2.68 2.57 2.43 2.0? 1 . 6 1
EML :^ 36.9 35.6 40.2 46.1 50.1 55.1 60.5 70.8 84.2
M.R.T. (Secs.) 6,89 7.69 9.15 10 . 3 12.0 13.6 1 6 . 1 21,6 34.5
TRAY PLUS DOWNCOMER
X out 3.19 2.96 2.88 2 .77 2.58 2.43 2.36 1.96 1.38
eml 36.3 40.2 44.2 48.5 53.0 59.4 64.1 75.5 90.5
M.R.'T. (Secs.) 10.1 11,6 13.5 15.2 17.6 20.2 23.9 33.5 54.0
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TABLE 21
System: Air-aqueous glycerol (55% glycerol
by weight). Oxygen desorption
hy air*
rA = 1.45.Air rate:
Downcomer width: 3*5 inches,
Weir height: 3.0 inches.
r Expt. No, 19.1 19.2 19.3 19.4 19.5 19 .6 19.7 19.8 19.9.
; R j 48.0 41.0 35 .0 30.0 24.5 20,0 15.5 10*3 5.0
L gal./min. 40.1 34.2 29 . < 25.0 20.4 16*7 12/9 8.60 4,18
Z (D ) Ins. i? 0 10.2 11.0 11.5 11,6 11.4 10 ,8 9.0 8*4 7.4
(D ) ins.liq,b O 8.35 8.00 7.80 7.60 7.29 7 . 1 9 6.91 6.55 6.09
; ins. liq. 0*15 0 . 1 5 0 . 1 3 0.10 0.10 0.10 0*10 0,00 0.00
(cent.) ins. 9.9 9*3 9.3 9.0 8.7 8.3 8 , 1 7.6 7.3
Z^ (weir) ins. 8.1 7.7 7.4 7.4 7.1 6.8 6,7 6.7 5.9
hy ins, water 4,92 4.75 4.69 ^.60 4,50 4.41 4*35 4.20 4.04
P^c ins. liq. 0.43 O.65 0.35 0.35 0.30 0.25 o,4o 0,30 0.22 :1,T°C 30.5 30.5 30.5 30,5 30.5 30.4 30.2 30.2 5 0.2 ;
X in 3.95 3.92 4.00 4.00 4.00 4.00 4.00 4*11 If. 19
TRAY ONLY
X out 3,06 2.94 2.88 2.77 2.58 2.44 2.22 1.94 1 . 9 1
eml 29.9 33.9 37.5 40,9 47.4 52 ,2 59*5 69.8 87 . 1
•M.K.T. secs. 6.94 7.69 8*60 9.52 11.1 12.8 15.6 21.1 34.5
TRAY PLUS DOWNCOMER
X out 2,83 2,26 2.73 2.59 2.44 2.36 2.10 1.79 1 . 1 9
eml 37.5 39.8 42.5 47.2 52 .0 55.1 63.5 74.5 9b 0
M.K.T. secs. 10.6 12.0 13.5 15.0 17.3 20,0 24.6 34.9 64.5
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TABLE 22
SUMMARY OF RESULTS FOR EXPERIMENT N O . 20 
Tray plus 5" downcomer.
Weir height 3”*
BA ~ Factor O.85*
Expt. No, 20. 1 20,2 20.3 20.4 20.5 20.6 20,7 20.8 20.9
L gal./min. 47.9 42.0 37*4 32 .0 27*3 22,0 17*5 13*0 7*0
M.R.T. (secs.) ;. 9.89 1 1 . 1 1 1 . 8 13*6 15*7 17 .8 20.9 26.5 47.3
Cf 2 (sec, )2 t 5*37 9*75 10.4 13*3 26.8 24,3 36.6 52 ,2 156*5
CT d .057 .064 .070 .071 .076 .078 .079 .078 .070
V ft.3 1 . 2 9 1.25 1.22 1.19 1.13 1 c-05 0.99 0.93 0.89
U ft,/sec. .202 . 180 .163 .144 .129 ,112 .095 .076 .042]'
D ft2/sec.x 10 .115 .111 .114 .102 *097 ,087 *075 .060 *0334
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experiment 2 0 !
C o r r e c t e d p h o t o c e l 3 -
d e f l e c t i o n  i . e ,  o b s c u r a t i o n , D i m e n - C o n c e n t r a t i o n
a r b i t r a r y  u n i t s s i o n -
T i m e .. t i r Y*i e b a C< x  i n  #
n o r m . A-l
T r i a l T r i a l T r i a l t i m e c u m .
A
A C
J o o 0 c o o o 0 0 o c c 0 0 0 0 0 w  • s# e  0 0 0 •  0 c  0 e 0 0 0 0 0
v 5 ° c c o o o 0 c o o o 0 0 0 0 0 0 • Q  5 °  5 0 .  0 0 0 0 0 0 0  00
i o o 0 0 0 0 0 0 o o c o 0 0 0 0 0 0 • 1 0  1 1
rw . C O O O r*> 0 0 0 0
+
5 ° 0 0 0 0 0
A
V-/ 0 0 0 0 0 0 0 0 0 0 • 1 5 1 5 0 •  O O C O 0 0 0 0 c
0 0 0 0 0 0 0 0 0 0 0 0 0 o o c o 0 • 2 0 2 1 0 •  0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 • 2 5 2 6 0 •  ; o c o 0 0 0 0 0
O C  ' 0 0 0 0 0 0 o o c o 0 0 0 0 0 0 . 0 •  c o c o 0 c o c o
o 5 0 .0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 • 0 5  3  7 G •  c o c o 0 0 0 0 c
t 0 0 0 1 0 0 0 0 1 0 47 0 0 0 0 0 0 • 40  42 0 •  0 0 3 5 0 0 0  0 2
• f 5 0 0 8 0 0 0 0 1 1  4 1 0 1 2 6 6 c . 4 5  4 7 O •  v  2  0  0  ' 0 0 0  1 2
J 0 0 03 2 0 0 0 0 ^  3  7  5 0 •? 7 n  (O j  J  J  J 0 • 5 0 5 3 0 •  0  7  ^ c C O  48
J 5 0 n/ 3 0 C 0 3 ;  c  " 7  *T J  *+ / 1 2 6 6 2 ■- • 5  j  j  * 0
. 4 ^
•  -  ^  r  * 0 0 T * / *r
5 0 0 I  2 8 0 0 0 8 0 6 l 0 4 3 0 5 1 0 • rf 0 ' j  J 0 .  4 0 6  ^ C O o 5 ^
3 3 0 - 1 8 8 0 0 0 1 4 9 7 0 5 9 3 4 ^ 0 •
tC «-* ** 0  0 j  0 0 0 /  ^ / r-•  ^ ir 0 0 ^
7 0 0 2 4 0 0 0 0 2 I I  4 7 1 1  6 4 6 0 5 0 • 7 °  7  4 0 • 5 9 4 7 0 A M  J
5 0 2 ? 9 0 0 0 2 6 0 6 7 5 2 6 0 8 3 5 0 • 7 5 7 9 * •  ~  0 "  j 0 1  8 58
r>
©
o
0 0
5 0
5 0
3  2
8 0 0 0  
2 0  0 0
2 A  J
3 1
r* ^  0 0
r f  “  * '  "
A  O  <* /
' J  r
O Q
O  ^
0 6 0 6
5 9 8 7
0 •  
0 .
8 0 8 4
C 3 C 9
I
I
*  j  ^  3
•  ' 6  3 4
0
G
2  6 S  C
a -
-c * h  
W
9 0 0 ^  0 O  ~ 3 0 0 0 3 - ? 6 6 2 9 4 ° 7 7 1 4 0 • 9 < j 3 5 1 a 7 O 7 .C 0
/  ^  ^  T 
' r j  j *
j 5 0 j i 2 0  00 3 2 5 5 8 2 4 0 2 6 4 9 0 • 9 6 0 0 I • 6 7  5 ' . 0 j  ^  i  s
Z 0 00 2 9 6 0 0 0 3  r 4 c  6 6 3 7 8 5 ? 1 I  • 0 1 0 3 I •  O 9 6 3 0 ^  5  r -
I  c 5 0 2 7 2 0 0 0 2 9 r o o ' *c 3  4 0 6 0 6 I  a 0  C 1  \j I •  ' T $  5  ' 0 6 7 2 7
:  i 0 0 2 4 3 0 0 0 2 7 2 1 3 1 2 8 8 6 9 2 I  • 1 1 1  6 I . 3  9 C O 0
^  C  ^  
/  v  ^
1 1 5 0 2 1 o o c o 0 *  ~  - r -5 0 1  3 •a  >* 0 4 4 7 1  • 1  5  2 1 I •  l o C  ; 0
•7 O  /  ' I
^ j  ‘ r  w
T  -• 0 0 T  ^  *  / S c  0 0 2  I 5 - 5 3 1 7 7 3  6 7 I  a 2 1 2 6 0
.  r  0 T  8a y  w  X 3 0 8 4 0 8
:  2 5 0 2 4 C o o o 1 8 0 t  r  A  0 0 T  *7*  J 4 2 : 6 I  • 2 6 3 1 c
,  u  ; '  r
* 4  t >  - •>>
H  O .^a
b  J  C  /
^  j 0 0 1 2 0 0 0 0 1 4 6 5 6 4 I  G
o  „  0
j  0 2 0 I  • 5  1  3  7 c * a 3 9 8 0 0 5  c  -  5
© 5 0 • 9 5 0 0 0 1 1 2 0  1 7
00 I O 3 6 I  a 3 6 4 2 0 •  V 3 ! 0 >  2 “  1
r  Ft
•  *T 0 0 7 6 0 0 0 • 8 r  A  v rr f  '  - f  J •5 3 J I 0 I  • 4 1 4 7 . 0 •  r f  4 W -» 0 3 3 0  8
1  4 5 0 6 0 0 0 0 6 a c> c. ‘-i‘ r  3  . *T r .  0 P  t3  1 1  • 4 6 3 2 c .  2  8 I  4 0 9  5 5  '
T: 5 0 0 4‘ r 9 0 c  0 4 r  q  tj  O  1  U 3 6 7 2 0 I  • 3 1 3 C 0 a 2 I  I  I 0 rf  /  r f  .
T'  J 5 0 J 3 0 0 0 3 1  4  0 7 7 8 9 6 I  • 5 ^ 6 3 c a I  5 8 ; 0 3 ^ 5 7
z  6 O G 4J 0 0 0 0 0 C 3 3 S 1 8 p  0 «  0 J  s  J I a 6 1  6 8 f e .  I  I  2 9 c 3 ®  9  4
z 6 5 0 0 1 0 0 0 I 3 6 1 0 1 2 6 6 2 I . < s < $ 7 j 0 •  7  6 j f t 9 ^ r f f e
T  47 
* / c  c
•r 5 0 0 0 I 0 ; 6  3 0 8 8 6 3 I . 7 1 7 3 0 ■ } r  r  • # ^  r f  r f  r c 9 9 6 c
l l
5 0 1 0 0 0 0 0 »7 ^  0  A. !  O ~~ J 0 ')  r f  J  1 I  • ^  6 8 1/  °  -  *T 0 .  O  A  8 -2 0 0 0 8 o✓ rf  ' v
I  „ 0 J w 6 c o o 0 . . _  r  r>4 1  ' j 0 3 7 5 3 I  • 8 1 8 9 0 a 0 2 2 6 c 9 3 3  t
t 3 5 ° 0 j O G O 0 2 0 9 .' , 0 0 3 3 2 I  a 8 6 9 4 0 a 0 I  2 3 0 3  3  9  7
t  r. 
• ^ 0 0 0 1 0 0  0 0 1 0 4 7 0 1 2 6 6 I  a 9 2 0 0 0 . C C C 0 I c o o c
e . 5 -
0 o o c o 0 c o o o 0 0 0 0 I  . 5  7 . 9  5 0 • O O C O ! 0 0 0 0
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Lxperiment 20.2
Hme
Corrected photocell 
)deflection i.e. obscuration, 
arbitrary units
Dimen­
sion­
less
time
Concentration
Norm. Norm. Cum,Trial
A
Trial
jj
Trial
C
o.oo 0* OOOO 0*0000 0*0000 0.0000 O* OOOO O*OOOO
0 .5 0 0* OOOO 0.0000 0.0000 0*0450 0*0000 0.OOOOI *00 0*0000 O* OOOO 0*0000 0.08 99 0*0000 0*0000
*•5° 0*0000 0 * OOOO 0*0000 o.x349 0.OOOO 0* OOOO' 3* 00 0*0000 0.0000 O*OOOO o* x 798 0.OOOO 0a OOOO
3* 50 0*0000 0*0000 0*0000 oi £248 0* 0000 0* OOOO
3 .0 0 0*0000 0*0000 0*0000 0 ; 2 6 98 0*0000 0*0000
3«5° 0*0000 0*0000 0*0000 0*3x47 0.0000 0.0000
4*oo 0*0000 0*0000 0*0000 0*3597 0*0000 0* OOOO4 . 5 0 0* 2000 O* OOOO 0*0000 o* 4046 0*0036 0® 0002
5*oo x*6ooo 0*0963 0* 3848 0*4496 o* 0360 0* 00x8
5*5<> 3*9000 o* 9633 1 *6x39 p . 4946 0 * 1 1 7 6 0*0071
6*oo 6* 9000 3*3749 3*5*35 o.5395 o* 2485 0.0x826*50 £0*4000 6.5498 6* 3605 0 . 5 8 4 5 0 . 4 2 3 2 0 . 0 3 7 3
7*00 x 4 * 3 0 0 0 10*9806 £0*3477 o* 6294 0* 6450 0*0663
7 . 5 0 x 8.7000 1 6 . 6 6 3 5 1 6.9929 o . 67 44 0*9505 0*1090
8,oo . 3 4* 0000 : 2 2* 3464 33  * 4990 o* 7 194 1^2498 0 * 16 5 2
8* 50 : 38*0000 : 2 6 . 3 9 1 9 : 3 6* 4863 0 . 7 6 4 3 x * 468 3 O* 2 3X2
9 • 00 : 2 9* 9000 2 8* 7036 : 3 8 . 5 7 4 7 o* 8093 X * 5826 0* 3024
9*So 30* 4000 3 9 .5 7 0 5 : 39® 3343 0*8542 x « 6212 0 . 3 7 5 2xo.oo 3 0 ; 1 0 0 0 • 2 9 .4 74 3 3 9 .3 3 9 3 0*8993 1 * 6 1 3 3 0*4477X0* 50 : 39*1000 : 3 8* 6073 ; 38*3899 o* 9443 1 *56x2 0.5 x79n.oo : 27* 6000 .36*9698 : 36* 6761 o* 9891 2 • 4749 o* 5842
X l m  $ 0 : 2 5* 4060 : 3 4 .7 5 4 4 ; 34.5^75 x *0341 1 * 3 5 6 9 o* 6452
X 2* 00 : 23* 7000 : 33* 3464 33*0344 1*0790 2 • 2 1 7 6 0*7000
£ 3 * 50 19*9000 :3 0 . 5 1 6 3 1 9 * 1 7 6 4 x•x 240 x*o8x8 o* 7486
Experiment 20.2 (Cont1d.)
Time
C o r r e c t e d  p h o t o c e l l  
d e f l e c t i o n  i . e .  o b s c u r a t i o n ,  
a r b i t r a r y  u n i t s
Dimen­
s i o n -
l e s s
t i m e
Cone e n t r a t i o n
Norm. Norm*Cum.T r i a l
A
T r i a l
Jj
T r i a l
C
1 3 OO : 1 7 . 0 0 0 0 : 1 6 . 5 6 7 3 I  6* 8 0 3 1 x . 1 6 9 0 o . 9 1 4 4 0 * 7 8 9 7
7*3 50 X 4 • 3 0 0 0 7 3 * 6 7 7 5 1 4 * 5 3 4 7 . x . 2 1 3 9 0 . 7 6 9 8 Oo 8243
14 00 I I . 6 0 0 0 I X . 3858 1 2 . 6 3 6 0 1 ;  2 5 8 9 o . 646 1 0 . 8 5 3 4
7 4 50 • 9* 5000 *9 . 4 3 9 4 1 2 . 0 2  32 : x . 3038 0 . 5 4 3 7 0 . 8 7 7 8
75 00 7 . 8 0 0 0 7 . 8 9 8 3 * 9* 30 34 2 . 3 4 8 8 0 * 4 5 3 9 0 . 8 9 8 3
7 5 50 6 ; 3 0 0 0 6 . 6 4 6 i 7 * 9 7 4 3 : 7 . 3 9 3 7 0 . 3 7 8 0 0 . 9 1 5 2
1 6 00 5 . 0 0 0 0 5 . 6 8 3 9 6 . 7 4 0 3 I . 4 3 8 7 0 . 3 x 63 0 . 0395
16 50 3 . 8 0 0 0 5 . 1 0 5 0 5 . 8 8 5 8 2 . 4 8 3 7 o i  3685 0 . 9 4 1 5
77 00 3 *8 0 00 4 . 7 1 9 7 5 * 7 2 6 4 I * 5 3 8 6 0 «3296 0 . 9 5 1 9
77 50 : 3 . 0 0 0 0 4 * 3 3 8 1 4 . 3 6 6 9 7 . 5 7 3 6 0 ® x 935 0 . 9 6 0 5
18 00 1 • 6 0 0 0 3 * 7 5 6 5 3 * 7 0 2 4 1 . 6 X85 0 . 1 6 4 5 o . 9679
18 50 I . x o o o 3 . 2 7 4 9 3 . 0 3 7 8 | I . 6 6 3 5 0 . 2 3 4 6 0 . 9 7 4 0
79 00 0 . 8 0 0 0 2 . 9 8 5 9 2 * 5 6 3 2 : 2 . 7 0 8 5 0 . 2 1 5 3 0 * 9 7 9 1
1  9 50 o . 6000 : 3 *6 0 0 7 2 . 0 8 8 5 ' 7 * 7 5 3 4 o . 0960 0 . 9 8 3 4
30 00 o . 4000 ■ 3 . 2 1 5 4 • I . 7088 2 . 7 9 8 4 0 . 0 7 8 5 0 . 9 8 7 0
30 50 0 . 3 0 0 0 : 2 * 0237 2 • 3392 • 1 . 2 4 3 3 0 . 0 6 6 3 ©•9900
31 00 0* 3 0 0 0 1 . 7 3 3 8 1 * 0 4 4 3 : 2 . 8 8 8 3 0 . 0 5 4 1 0 . 9 9 3 4
31 50 0 . 3 0 0 0 i *  54 12 o * 7 5 9 5 ‘ 7 * 9 3 3 3 0 . 0 4 5 4 0 . 9 9 4 4
33 00 O . I O OO 7 ? 3 4 8 5 0 . 5 6 9 6 ‘ 2 . 9 7 8 2 0 . 0 3 6 6 0 . 9 9 6 1
32 50 O . I  000 2 . 0 5 9 5 0 . 3 7 9 7 2 . 0 2 3 2 0 . 0 3 7  9 0 . 9 9 7 3
£3 00 o . x o o o 0*866 9 o« 2848 • 3 # 0682 o . 03 37 0 . 9 9 8 4
33 50 0 . 0 0 0 0 0 . 6 7 4 3 0 . 2 8 9 9 2 . 1 2 3 2 0 . 0 2 5 7 o . 9991
34 00 0 * 0 0 0 0 0 . 3 8 5 3 O. 1 899 • . 3 .2  581 0 . 0 2 0 4 0 . 9 9 9 5
34 50 0 . 0 0 0 0 O . I 926 0 . 0 9 4 9 * 3 i  2 O30 0 . 0 0 5 3 0 . 9 9 9 8
35 00 o . 0000 0 * 0 9 6 3 ° *  ° 9 4 9 : 3 . 2 4 8 0 0 . 0 0 3 5 0 . 9 9 9 9
35 5O 0 , 0 0 0 0 O . O 963 o . 0000 1 2 ; 2 9 3 9 0 . 0 0 2 7 2 , 0 0 0 0
3 6 00__ 0 . 0 0 0 0 0 . 0 0 0 0 .. 0 . 0 0 0 0 JL rJ .3 ,1 2 . 0 . 0 0 0 0 2 « OOOO
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Experiment 20.5
Time
Corrected photocell 
deflection i.e. obscuration, 
arbitrary units
Dimen*-, 
■ sion- 
less 
time
Concentration
Norm. Norm. Cum ,Trial
A
Trial
jj
Trial
C
0*00 0 ♦ 0000 0.0000 0* OOOO o* 0000 Q 9 OOOO 0*0000
o* 50 0.0000 0* OOOO 0.0000 0*0432 0.* OOOO o« OOOO
x.oo 0* OOOO 0.0000 0.0000 0.0845 , 1 0 9 OOOO 0*0000
x* 5° 0*0000 0* OOOO 0* OOOO 0*2267 0.0000 • 0*0000
: 3*oo o* OOOO 0*0000 0.0000 0*2689 0 « 0000 0,0000
• 2 •  50 0.0000 O* OOOO o.OOOO 0*22X2 0* 0000 o* 00063*00 0* OOOO O* OOOO 0* OOOO 0 * 2 5 3 4 0.0000 0.0000
• 3 * 5 0 o* 0000 0* OOOO Q,OOOO Oi 2956 0 0 0000 0,00004* 00 O* OOOO O* OOOO 0.0000 0*3378 0 « OOOO 6.0000
4.50 0*0000 0*0000 0.OOOO O.386X 0*0000 0*00005*00 O* X 000 0*1717 . 0.0848 6 * 4 2 2 3 0* 0073 0.0003
5 * 5 0 o* 9000 0*9441 o* 5086 O.4645 0.0484 0,06246 *00 '• 3 * 7000 . ■ 3*23x5 1 * 6953 o* 5068 0*2363 0.00816* 50 5* 3000 3*8622 3*8993 o* 5490 0* 366 5 0.0x94
■7*00 8.3000 6* 0937 7*0355 0*592 3 0* 4406 o» 03807.50 XI * 9000 9 *3 5 5° XX.2890 O.6335 0* 6671 0® 06618 « go 2 6*1000 23.3889 25*0882 O.6757 0*9265 ©.1048
8. 50 2 2 • xOOO 18,0235 £ 8.® 47 8 7 0*7X79 2*2843 ©*x 549
9# 00 3 5 * 2 0 0 0 22* 2390 .32*2912 O* 76O3 1*4109 0.3x44
9 * 5 0 27* 8000 24.7179 23* X408 0*8034 1.5556 0*280110* 00 29.0000 36.3486 34*3275 0*8446 :2*6382 ^ * 3  493xo. 50 39*1000 36 . 6o6x 34* 5828 0*8869 2 * 6507 0.4x90
IX .00 28 . O O O O 25*8336 • 24* 4 9 7 ° O* 9292 ; 2* 6x05 o* 4870XX. 50 25.9000 24*7x79 : 24*0732 0*9723 ** • 5 357 ° *  5 5 2 9X3.00 23.1000 33*1730 23*2256 2*0X35 : x* 4389 ©•6x22
X 2# 50 20* 2000 21*3707 . 22* 0389 1*0558 2 * 3078 ©•6675
x 3.00 27* 5000 19.3967 20.2588 2*0980 x•1752 . ©•7x71
JL3».5.° 14.9000 17*2510 x8.3092 2 * 1 4 0 2 x * ° 3 7 5 .. ©* 7609
Experiment 20.3 (Cont'd,)
Time
I
Corrected photocell 
deflection i..e, obscuration, 
arbitrary units
Dimen­
sion­
less
time
Concentration
Norm, Norm* Cum,Trial
A
Trial
jj
Trial
C
x 4 OO 2 3.60OO 2 5 .2 7 70 2 6 .0 2 06 2 .2 8 2 5 0 .90 25 ©•7990
74 50 1 0* 4000 1 3 . 2 1 7 2 23 .9862 2 !2247 0 . 7 7 3 1 0 . 8 3 1 7
75 OO * 9.OOOO 1 1 . 5 0 0 7 13.2314 2 i 2 6 6 9. ' 0.6707 0.8600
7 5 50 7.8000 9*955® ' 70.5956 ' 2 .3092 0.58 29 • 0.8846
X 6 OO 6* 5000 8*4968 ; '8.9003 7*3574 0. 49 23 0 .905 4
16 50 5*5ooo 7.2094 7 .2898 1 . 3 9 3 6 0 . 4 2 2 2 0 .9 2 2 7
27 OO 4.6000 5*7503 5*5945 i. 435 9 0 .32 7 8 o<9366
7 7 $0 3«9000 ‘ 4.6346 4.4078 x« 4781 0 . 2 6 6 1 1 0 . 9 478
18 00 3 .3 00 0 3•7763 3 .2 2x1 1 . 5 3 0 3 oi 2097 0. 9567
X 8 So ‘2 . 8000 3 .08 97 :2*5439 1 . 5 6 2 5 0 . 2 7 3 4 o . 9640
79 00 :2 .3000 :3 . 4 0 3 1 :2 . 1 2 9 2 x.6048 O.I403 0.9699
79 50 1 ,900 0 1 . 8 8 8 2 2 .8648 :1 . 6 4 7 0 0 . 2 1 6 2 ©•9748
30 00 1 . 6  000 'X.77^5 7 *6953 x•68 92 O.IO3O 0. 97 9230 50 ; 1 . 3 0 0 0 7*5449 2 .6 953 7.7375 0.0933 0.983231 00 2.0000 7*373£ 2 .6 2 0 5 7.7737 O0O82 9 0*986631 5° 0•8000 2 . 2 0 1 6 1 . 4 4 1 0 ’1 * 8 1 5 9 0.0708 0*989632 00 o . 6000 2*0299 2 02715 2 .8582 O.O597 0* 9921
33 5d 0.4000 0.9442 2 .2019 1 • 9 0 0 4 O.O5O3 0 .9943
$3 00 0•3000 0 .8 5 8 3 O .8476 2 .9426 0.04I3 0.9959
33 50 0.2000 0.6866 O . 5 9 3 4 x.9849 0.030 4 ©.997234 00 0* x000 o . 6008 0 . 4 2 3 8 '2 . 0 2 7 1 0 . 0 2 3 1 0*9982
34 So 0© xooo 0.429 2 0 . 3 3 9 1 :2 .0693 O.OX79 Oo9990
35 00 0.0000 0.2575 0 . 2 5 4 3 '2.1 1 x5 0.0x05 0©999 4
35 50 o . 0000 0 . 2 7 2 7 o»1695 '• 2. I538 Oo OO7O 0.999736 00 0•0000 0. 08 58 0.0848 ■ 2.X 960 0 .0 0 35 0.9999
36 So o . 0000 0.0858 0.0848 ■ 2 .2 3 8 2 O.OO35 x.0000
37 00 0,0000 0,0000 O 0 OOOO 3. 2 8 0 5 0.OOOO I © OOOO
experiment 20.4
T i m e
C o r r e c t e d  p h o t o c e l l  
d e f l e c t i o n  i . e .  o b s c u r a t i o n ,  
a r b i t r a r y  u n i t s
D i m e n ­
s i o n ­
l e s s
t i m e
C o n c e n t r a t i o n
N o r m .
N o r m .
C u m .T r i a l
A
T r i a l
i i
T r i a l
C
j G O 0 O O O O 0 0  0 0 0 0 O O O O 0 O O O O * ^# -*• V V  V 0 0 0 G 0
G 5 ° . G O O O O 0 O O O O 0 O O O O 0 O j < > 7 c « 0 0 c  0 0 O O O O
I G O 0 O O O O 0 O O O O c 0 0 0 G 0 ° 7  3 4 0 . 0 0 0 0 0 o o c c
I 5 * 0 O O O O 0 O O O O V O O O O 0 I  I  0 I 0 . 0 0 0 0 0 O O O O
2 G G 0 O O O O 0 O O O O C O O O O 0 1 4 6 7 0 . c o c o 0 c o o c
2 5 ° 0 O O O O 0 O O O O 0 O O O O 0 1 8 5 4 0 . 0 0 0 0 0 0 C C G
3 O O 0 O O O O 0 O O O O 0 O O O O c 2 2 0  I 0 . 0 0 0 0 0 0 0 0  c
J J  2 c O O O O 0 O O O O 0 O O O O 0 o t* F p  ■“  J G . 0 0 0 0 G O O O O
4 C O 0 O O O O Q O O O O 0 O O O O 0 ** J  J  J .0 • 0 D 00 0 O O O O
A
*T j C 0 O O O O 0 O O O O 0 c o c o 0 j j O  2 G . 0 0 0 0 c o c o c
J G O 0 1 0 0 0 0 T T ri ri G 0  9  7 5 0 3 - 0 9 0 . 0 0 4 8 0 0 0 0 2
5 5 ® 0 3 0  0 0 0 ri ri <! C"  "  T  J 0 1 9 5 0 0 4 0 3 5 0 • O i l  2 0 0 0 0 6*
G GO 0 7 0 0 0 0 C 0 T QG “ 0 C 3 5 0 4 4 0 2 0 .  0 3 0 2 0 0 0 1 7S'
□ j o
T 7 c  00 X 2 3 A ?  G » / I 6 5 7 5 0 4 7 6 9 0 . 0 7 1 3 0 0 0 4 ,
7 00 3 j O C O 3 0 3  0 7 G 4 1 2 6 0 5 * 3 6 0 . 1 5 1 3 0 0 0 3 3
7 5 G 5 7 0 0 0 J r  r  0 • ^ *r 6 n  1 <  o f  J  “ 0 5 5 0 3 0 . 3 6 9 3 ■ G 0 1  9  7
o 0 0 8 8 0 0 0 9 ' 3 8 9 s J  5  5  3 0 5 s  7 0 G .  4 3 I T 0 ° 3 5 :r\0 1 0 7 0 0 0 1 3 8 0 3  6 9 4 2  9 0 62  3 7 c . 6 3 7  * G
_ -  C i"
o y -
9 0 0 1 7 3 0 0 0 • 1 9 083. 0
T PX b> 8 1 8 0 0 6 c  0 4 0 0 -  ^  -•  ^ J 'J J 0 c o o o
9 50 2 1 6 0 0 0 ri ri 7 9 6 7
O '>
*'  G 1 0  3  1 G 6 9 7 0 I . 0 6 2 3 O 1 2 9 c
1 0 00 5 0 0 0 ri 3 3 8 6 6 3  O 7 2 5 7 O 7 3  3 7 I .  2 4 9 1 0 T *7 /  P i  ;  4 O
T O 5 ° 2 8 4 0 0 0 3 * • 9806 2 9
/  z n
i ‘t j  v 0 7 7 0 4 I . 3 7 8 2 G ~ 0 r  •• " J  I
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Experiment 20.5
Time
Corrected photocell 
deflection i*e, obscuration, 
arbitrary units
Dimen­
sion­
less
time
Concentration
Norm. Norm® Cum.Trial Trial Trial 
- C
0.00 0.0000 0.0000 0*0000 0*0000 0.0000 0*0000
o* 50 0.0000 0*0000 0*0000 0*032 9 0*0000 0® 0000
2 « 00 0.0000 0.0000 o* 0000 0*0637 0* OOOO 0.0000
X.50 0*0000 0* 0000 0.0000 0.0956 0*0000 0*0000
z • 00 0 « 0000 0* 0000 o«0000 0.X375 0* OOOO 09 OOOO
■ 2* 50 0.0000 0.0000 0* 0000 0.1593 - 0*0000 0* OOOO
3,00 o* 0000 0* 0000 0.0000 ’ 0,1912 0 * OOOO 0® 0000
3 *5<> 0*0000 Oo OOOO 0.0000 0*2332 0* OOOO 0* OOOO4.00 0.0000 0.0000 0® 0000 0.3549 0 * OOOO 0.0000
4 *5<> o* 0000 0 * 0000 0*0000 o* 2868 0*0000 Oo OOOO5,00 o* 0000 0* 0000 O* OOOO 0.3287 0* OOOO 0.0000
5« 5° o*0000 0* 0000 0.4338 0* 3505 0« 0070 0.0002
6 m OO OmXOOO 0,1145 2.4227 o* 3834 0 • 0 3 7.0 0*0012
6. so 0.3000 0.5737 :2*8354 0*4143 0 , 0 5 9 6 0* 0030
7.00 :i*oooo x . 8 3 3 6 4 * 3 7 9 4 0.4461 0*1295 0.0068
7. 50 : .3* 3 000 3*5506 6 * 49**5 0.4780 0;2046 0*0133
8# 00 4* 8000 5 * 7367 8*7588 0.5099 0*3296 0.03358. 50 7* 8000 8*3620 22.4430 0*5417 0*4574 0*0382
9*00 10* 8000 XX*5680 ‘ 23*9859 0.5736 *Oo6024 0*0573
9.50 I 4* 3000 : 25*2186 16*9536 0.6055 0 * 7 6 6 8 09 0827
X OmOO 17* 5000 28,0965 :30*0605 0*6373 0* 9233 0*2221
10. 50 30.4000 :30* 9598 :23* 2685 0*6693 :1*0693 •0.2453
12.00 33*0000 :33.3505 35*8526 0*7022 2*1949 0.2833
XX* 50 35-3000 • 3 5 * 6 5 5 7 ' 38*2130 0*7329 1 * 3087 0;3350
X'Zm OO 3 7 * 2 0 0 0 :37.7174 29*9495 0*7648 :1*4047 0*2697
XZm 50 38,8000 ' :39,0918 32 *3309 0* 7967 2 » 4768 0* 3268
23*00 39*8000 39,7790 32*7860 0*8285 1* 5242 0.3650
x 3* 5° 30* 3000 '29* 7790 32*9273 o* 8604 i« 5332 ©•42 362 4*00 39*8000 :39.09x 8 32*0797 0,8923 2 * 4920 0 * 4611
x'4* 5o 38,7000 27* 9464 39* 2019 0* 9241 2•4310 0 0 50642 5*00 37* 7000 :26,3284 26* 8415 0*9560 *°3 3 s 5 0 *5 4 9 °
x 5* 5o 36.5000 :34*2668 :24* 3987. 0.9879 2 *3423 0* 5886
s 6* 00 35*1000 ;21*9906 22* 3209 I * 01 97 2*1503 0* 6353
26* 50 33* 9000 x 9* 6999 '20® 9082 x « 0516 2 » 06 90 • ° * 6 59317*00 3 3 * 4 0 0 0 27*7529 x 9® 22 29 x.0835 o* 9838 1 0*6907
27. 50 3 0 * 8 0 0 0 28*5546 27*5x76 2.2x53 0 * 9 4 2 5 0* 7207
18, 00 18# 9000 15.3476 16*2049 2*2472 0*8344 0*7473
X8m 50 I 7*0000 x 4 * 4324 24*5509 2.2792 0 * 7620 0*7726
X9* OO ■ 15*3000 23*4005 23*9970 2 * 2109 0*6910 0*7936
X9.50 2 3*8000 22*4843 21 * 8668 • 1*3438 0* 6322 ©08x38
.00 # 00 2 3 * 0 0 0 0 12,9216 22*0192 I* 37 47 0*5789 Oo 8 333
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Experiment 20,5 (Cont1d.)
Time
Corrected photocel l  
de f lec t ion  i . e *  obscuration, 
a rb i t ra ry  un i ts
Dimen­
sion­
less
time
Concentration
norm. Norm,. Cum «,T r ia l
A
T r ia l
ii
T r i a l
C
30 5° : 1 1 OOOO x i . 3 2 4 4 - 9 ® 8 8 9 0 1 3 0 6 6 0 . 5 3 3 3 o« 8 4 9 2
31 0 0 •9 8 0 0 0 1 0 * 6 5 2 7 8 * 7 5 8 8 1 3 3 8 4 0 . 4 8 4 1 0 * 8 6 4 6
31 50 8 7 0 0 0 • 9 9645 8 ® 0 5 2 5 ' 1 37°3 0 ® 4 4 3 7 Oo 8 7 8 7
33 00 7 7 0 0 0 9 5773 7 * 0 6 3 6 X 4 6 S2 o«398 4... 0 * 8 9 2  4
3 2 50 • 6 8 0 0 0 8 4 7 5 6 6 * 2 2 5 9 .2 4340 o* 3 5 6 2 O* 9 0 2 7
23 00 5 8 0 0 0 7 6 7  3 8 5 * 6 5 0 9 2 4 6 5 9 0 ® 3 1 6 9 0 * 9 X2 8
33 5° 5 2 0 0 0 6 9 8 6 6 4© 9445 1 497s o i  2 8 3 9 O. 9 2 2 9
3 4 0 0 4 4 0 0 0 6 3994 3*9556 X 5 2 9 6 0 * 2 4 2 9 o . 9 3 9 6
34 5° 3 9 0 0 0 5 6 X 3 2 3 * 2 4 9 2 ’ 1 5 6 x 5 o i  2 2  2 5 0 * 9 3 6 4
35 0 0 3 6 0 0 0 5 0395 : 2  * 9 6 6 7 2 5934 0 * 2  9 2 3 0 . 9 4 3 5
35 5° 3 4 0 0 0 4 5 8 1 4 : 3 * 5 4 3 9 1 6 2 5 a 0 * 1 7 4 4 . 0 . 9 4 8 1
3 6 0 0 3 2 0 0 0 4 OO8 7 : 2 * 4 0 1 6 2 6 5 7 1 O i l 5 9 3  * ° *9 53 2
3 6 50 ' 3 0 0 0 0 3 6 6 5 X : 2 * 2 1 9 2 2 6 8 9 O 0 * 2 4 5 6 0 . 9 5 7 8
3 7 0 0 - 2 9 0 0 0 3 3070 2 0 8 3 6 5 2 7 2 O8 O* X 3 1 6 0 . 9 6 2 0
3 7 50 : 3 8 0 0 0 : 3 8 6 3 4 x . 6 9 5 3 1 7527 0 * 2 3 2 9 0 * 9 6 5 8
3 8 00 : 3 6 0 0 0  ’ : 2 6 3 4 3 s . 554° 1 7 8  46 0  • 1 2 2  5 0 * 9 6 9 4
3 8 S o : 2 4 0 0 0 ; 2 4 0 5 2 1-5540 1 82  6 4 0 . 2 0 5 4 0 . 9 7 3 8
3 9 0 0 . 3 2 0 0 0 3 1 7  6 2 2*4127 1 8 4 8 3 O.O9 4 3 0 . 9 7 5 8
3 9 5° 2 9 0 0 0 : 3 1 7 6 2 2 * 4 1 37 2 8 8 0 2 0 * 0 9 1 0 0 * 9 7 8 7
3° 0 0 2 8 0 0 0 : 2 0 6 2  6 2 * 2 7 1 4 1 92  30 o* 0 8 5 1 0 . 9 8 2  4
3° 5° 2 5 0 0 0 X 947 1 2 * 2 3 0 2 2 9439 0 * 0 7 5 9 o* 9 8 3 8
31 0 0 1 3 0 0 0 X 8 3 2 6 0 * 9 8 8 9 1 9 7 5 8 0 * 0 6 8 3 0 . 9 8 6 0
3Z 5° 2 3 0 0 0 X 7 1 8 0 0 * 8 4 7 6 • 3 0 0 7 6 o. 064.2 o . 9 8 8 0
33 0 0 1 2 0 0 0 2 4 8 8 9 0 * 7 0 6 4 2 °395 0 . 0 5 6 3 0 . 9 8 9 8
33 5° 1 2 OOO 2 3744 0 * 5 6 5 2 : 2 0 7 1 4 0 * 0 5 0 4 ■. 0 . 9 9 2 4
33 0 0 2 2 0 0 0 I 2599 O. 4 2 3 8 - 3 2 0 3 3 0 ® 0 4 6 1 0 . 9 9 2 9
33 5° 2 OOOO 2 1453 O * 3 8 2 5 - 3 2 3 5 1 0 ® 0 4 0 2 0 . 9 9 4 2
34 0 0 : 1 0 0 0 0 I 1453 0 * 2 8 2 5 ■ 2 2 6 7 0 0 . 0 4 0 2 <>•9955
34 50 0 9 0 0 0 I 0 3 0 8 .. 0 * 2 8 2 5 3 1  9 8 8 o* 0 3 6 7 0 . 9 9 6 6
35 0 0 0 7 0 0 0 O 8 0 2  7 0*2423 2 3 3 0 7 0 * 0 2 7 3 0 * 9 9 7 5
35 5° 0 6 0 0 0 O 6 8 7 3 0 * 1 4 1 3 : 2 2 6 3 6 0 * 0 2 3 7 0 . 9 9 8 3
3 6 0 0 0 4 0 0 0 O 4 5 8 1 Oo2 4 2 3 2 2 9 4 4 0 * 0 1 6 6 0 . 9 9 8 8
3 6 5° 0 3 0 0 0 O 3 4 3 6 0 * 2 4 1 3 2 3 3 6 3 0 . 0 2 3 0 0 . 9 9 9 3
37 0 0 0 2 0 0 0 O 2 2 9 1 0 ® 0 0 0 0 ’ 2 3 5 8 s 0 * 0 0 7 2  * 0 * 9 9 9 4
37 5° 0 2 0 0 0 O 2 2 9 1 0 * OOOO : 2 3 9 0 0 0 * 0 0 7 1 9997
38 0 0 0 I  OOO 4 O 2 2 4 5 0 ® 0 0 0 0 2 4 2 x9 Oo OO3 6 o . 9 9 9 8
38 5° 0 2 OOO O 2245 0 * 0 0 0 0 ’ a 4 5 3 8  j o* 0 0 3 6 0 . 9 9 9 9
39 0 0  . 64> 2 OOO b 2 1 4 5 0 . 0 0 0 0 . 3 4856 j 0 * 0 0 3 6 2 . 0 0 0 0
39 50.. 61»0 0 0 0 b oboo _.Qjs.pO0.O_. 2 5 I 7 5 0 . 0 0 0 0 2 0 OOOO
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experiment 20.6 (Cont'd.)
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experiment 20.7
Time
Corrected photocell 
deflection i.e. obscuration, 
arbitrary units
Dimen­
sion- 
less V 
time
Concentration
Norm* Norm.Cum,Trialf Trio!jJ
Trial
•. c
O aOO 0*0000 0*0000 0*0000 0 OOOO 0.OOOO .O.OOOO
0 5° 0.OOOO 0.OOOO 0.OOOO 0 0340 0.0000 0.OOOO
X 00 0.0 0 0 0. 0.OOOO 0.0000 0 0479 0*0000 0*0000
2 5° 0.0000 0*0000 0.0000 0 0 7x9 0*0000 0.OOOO
- 2 00 O o OOOO 0.OOOO 0.OOOO 0 0959 0.OOOO 0.OOOO
2 5° 0.OOOO 0.OOOO Oo 0000 0 II98 0. 0.000 Oo OOOO
3 00 0.OOOO 0.0000 0.OOOO 0 1438 0.0000 0.OOOO
3 5° 0.0000 0.OOOO 0.OOOO 0 1677 0® OOOO 0.0000
4 00 0.OOOO OtOOOO 0® OOOO 0 1 9 x7 0.OOOO 0.OOOO
4 5° o. 0000 Oo OOOO Oo OOOO 0 3 x57 0.0000 0*0000
5 00 0* 0000 0*0000 0.0000 0 3396 0*0000 0® OOOO
5 5° 0.0000 0.OOOO 0® OOOO 0 36 36 0.OOOO o . 0000
6 00 0.0000 0 .OOOO o» 0000 0 2876 ' 0© OOOO 0.0000
6 5° 0.0000 0.0000 0© OOOO 0 3**5 o.OOOO o.OOOO
7 00 0.OOOO 0.OOOO 0.OOOO 0 3355 0.OOOO 0.OOOO
7 50 0.OOOO O 00000 Oo 0000 0 3594 0.0000 o» 0000
8 00 O.3000 O.OOOO 0 ® OOOO 0 3834 0* 0047 0.000 r
8 5° 0.8000 ©•*335 0.0000 0 4074 O® 0219 0® 0006
9 oo( I.IOOO oi 3670 0 . 2 3 0 3 0 431 3 0 .0 3 5 2 o . 0015
9 5° I. 9000 0 .66 7 5 0 . 36 0 5 0 4553 0*0663 0 . 0 0 3 1ia 00 *2•9000 0 . 9 3 4 5 0 .9228 0 4793 0.XXI2 \ 0® 0057
20 5° 4.0000 :2 .603 x 1 . 5 6 3 2 0 5<>33 0 .2679 0.0098
22 00 4« 9000 :3 .5 3 6 6 :3 . 7 3 5 3 0 5373 0 . 2 3 8 3 o® 0155
22 5° 5 .9000 3© 4712 3 .9076 0 551 1 ■ 0.3x1 1 o.0229
X2 00 7 .0000 4*5393 5® 6009 0 5751 0.40X 6 0 . 0 3 2 5
t 2 50 • 8.2000 5* 74°7 705548 0 5 9 9 i 0 . 5 0 1 3 0© 0446
*3 00 9« 4000 7 .209 3 90 6388 0 6330 0. 62 50 0 .0 59 3
z3 5° I 0.8000 8.9449 2 1 . 9 8 3 4 0 6 470 0 . 7 4 3 4 o . 0772
24 00 2 2 i2000 20.6805 2 4.33 80 0 6710 0.872 8 0.0980
14 So :1 3 . 6 0 0 0 23.I 490 26 .9332 0 6 949 1*0000 Oo 2220
25 00 2 5* 3000 23 .8 846 29*5383 0 7 I89 2 . 2 3 9 2 O0X-493
*5 50 27 .0000 1 6 . 2 543 2 3 . 2 4 3 3 0 7 438 242956 04X80326 00 28.6000 x8*2903 33 .83 6 6 0 7668 '2 .4228 04 2244
16 5° 20;2000 3 0 .6 9 3 4 3 5 . 2 3 9 1 0 7908 2 . 5 4 7 2 0*3525
*7 00 22 .9000 33 « 6960 26.2822 0 81 47 2 .6 5 8 3 6429X2
*7 5° 23 .9000 f 24* 6986 270 0939 0 8387 ' 2*7500 0*3332
180 00 33® 7000 26 .0 3 3 6 270 4837 0 8627 2 .8092 0 . 3 7 6 5
280 5° 2 4.OOOO 2 6*7 0 2 2 . 27 .6 2 40 0 8866 * 2 .8 3 4 9 O® 4205
29*00 33 .8000 26a 5676 37 .092 9 0 9206 2 .8 2 49 0* 4640
29.5° 2 3 . 2 000 3 5.366X 26.0509 0 9345 2 .7 459 O . 505830. 00 23® 3000 2 3 . 6 3 0 5 240-6282 0 9585 r 2*6530 0 . 5 4 5 4
20.5° 22® 3000 2 X06279 3 3 . 2 4 3 3 0 9825 • 2*53 33 0 .58 2 932. 00 30.0000 -29.8934 29.9289 I. 0064 2.4026 0 . 6 1 5 5
32 .5° 29# OOOO 2 8.2568 2 7 .9 752 * X.0304 :1 . 2 9 2 8 0.6464
33.00 28.0000 16 . 6 8 8 2 2 6 .0323 2 «0544 2 . 2 8 8 1 0 .6749
03. 5° :27.0000 2 5 .3 2 9 7 1 4 . 3 3 8 0 Z Q 0783 2.0906 o® 7020
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experiment 20»7 (Cont'd.)
Time
Corrected photocell 
deflection i.e, obscuration, 
ar b i t rary units
Dimen­
sion-
less
time
Concentration .
Norm, Norm, Cum ♦Trial
J.I
Trial
jJ
Trial
C
23 .0 0 2 5 .9000 1 4 .1 5 x6 x3°2 557 2*20 33 2* 02 24 0 * 7 2 5 3,
33*5° 24.9000 2 3* 0836 xx.9834 2 «1262 0*9364 o® 7477
24. 00 24*0000 2 3 * 0 1 5 5 XX. 3 3 3 1 2 * 1 5 0 2 O© 87 52 0*7687
24. 50 13*0000 22 *0820 20*4204 S * 2743 o« 8084 Oo 7882
2 5 .0 0 2 2.9000 1 0 .3 79 9* ' 9» 3783 1 . 2 982 0.7394 Oo 8058
35*5° 22.OOOO -9*3454 8.4665 2 .2 222 0*6752 o© 8220
26*00 2 O* OOOO 8* 5444 7 . 8 1 5 3 : ii 3462 Oe 62 76 ©08368
26. 50 • 0* 0000 7* 8768 7 .3 9 4 3 2 ^ 2700 0.3555 0 .8 4 5 3
2 7. 00 8.0000 7*3093 6*7 7 3 3. 2 ;2940 0©5252 008576
3 7. 50 7* 0000 6*6753 6*3532 2*3279 Oo 4669 0 © 8 688
38. 00 6;2000 6.2748 5*73*3 2*3429 0© 4^66 0© 8790
380 50 5 .8000 5*7407 5* 2 2 03 2*3659 0®3935 0 .8884
39.00 5 .0000 5*4737 4*9497 1*3898 0 0 3 6 -2 4 0.8972
3 9. 50 4.3000 5*3403 4*3 984 1 * 4238 o® 3366 Oo 9049
30* 00 4* 0000 5* 2067 3*7774 2*4378 O.3043 0© 92 22
30 .5 0 4* 0000 4*9397 3*5269 2*4627 Oi39I9 0.9292
32 ©oo 4.OOOO 4*5393 3*2262 i*4857 0*3733 0.93 58
3 2 . 5 0 • 3* 9000 4 . 2 7 2 2 :3*8656 - 1 *509 7 O* 3586 0© 9320
32 .00 3 * 7000 4 . 2 3 8 7 '•3 .7353 :*»5336 Oo 2478 0 .9 37 9
33*5o 3 .4000 4.0052 3 ® 6052 *•5576 0*2345 o©94-3533*oo 3 ;2 00 6 4*0052 :3 .4748 1 .58x5 0*2268 0© 9489
33*5° 3 .0000 3 .8 7 2 7 :2© 32 43 ' 1 . 6 0 5 5 Oo3239 0 . 9 5 4 13 4*oo :3* 7000 3*7 382 2*6933 1 . 6 3 9 5 O© 2 90 5 009586
34*5° ’2* 3000 3 .6 047 2 .4 3 3 8 1 . 6 5 3 4 0*2729 0© 9627
35 .00 :2 .2 000 3 * 4 7 2 2 : 2 0 3025 : 1 . 6 7 7 4 • Ool6lX 0*9666
35*50 :2*0000 3 * 3042 2 .3 0 3 5 2 © 702 4 0.2535 0© 9702
36*00 2.OOOO 3*937* 2 . 2 7 2 3 1 * 7 253 0*2432 0 . 9 7 3 7
36*5° 2 « 9000 2*8036 1 * 2 7 2 3 2 * 749 3 0*2377 0.977©37*oo 2 * 9000 2* 6702 2 .0 420 1 * 7 7 3 3 O0I3X5 0© 9801
37*50 1 . 8 0 0 0 2® 6702 2 .0 43 0 2*7972 O© 2 2 93 0. 9 83 2
38. 00 I. 7000 3® 5366 0*9228 2 * 8 3 1 2 Oo 2 206 0.9862
38. 50 2 * 6000 2i 2696 0.782 5 2*8452 O© 209O 0© 9887
39*oo 2 * 5OOO 2® 0036 0*6 5x3 2*8692 O0O973 0 . 9 9 2 1
3 9 .5 0 2 *3000 2*7356 0* 5320 2*8932 0*0833 0*9932
40*00 : 2*iooo . 2©4686 0*3908 2*9270 O© 0693 °® 9947
40. 50 0.9000 : 2*335I - 0.2605 2 » 942 O Oa O585 0.9962
42 .00 0* 7000 2.202 6 0©3605 I.9649 O0O5O7 0*9973
42. 50 o« 5090 0*9345 0*3605 2 * 9889 0*0397 0.9983
43. 00 0. 30 00 0 . 6 6 7 5 0*2303 13*0239 Oo 0257 Oo 9989
43* 50 0© 2000 0* 4005 0 . 1 3 0 3 ‘3*0368 000272 0*9993
4 3*oo O* 2000 0 .26 7 0 0 . 2 3 0 3 :a* 0608 0*0227 0.9996
43*50 0.2 OOO 0 . 2 6 7 0 G*OOOO :3* 0848 0* 0086 0*9998
44*00 0.2000 0* 2 335 0* OOOO :3*i087 0*0055 0*9999
44*50 O* OOOO 0 . 2 3 3 5 OaOOOO 1 2* 2337 0© 0032 2 * 0000
4 5* po_ 0*0000 0*0000_ ... 0. oooo_ 1 2* 2566 0*0000 _I s OOOO
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Experiment 20.8
Time
Corrected photocell 
deflection i.e. obscuration, 
; arbitrary units
Dimen­
sion­
less
time
C 0 nc e ntration
Norm, Norm „ Cum,Trial
i’l
Trial
jj
Trial 
‘ C
0.00 0.0000 0*0000 0.0000 0.0000 0 0 0000 0.OOOO
o. 50 0.0000 • 0 *OOOO 0.0000 0 .0 1 8 9 0 0 OOOO O<3 OOOO
I *00 0.OOOO 0,0000 0® OOOO 0*0377 0 * OOOO 0 0 0000
1 .5° 0,0000 0*0000 0* OOOO 0 *0566 0.0000 Oo OOOO
2 ,00 0*0000 0* 0000 0* OOOO 0 .0 75 5 0 OOOOO 0 * OOOO
2 , 5 0 0.0000 0*0000 0*0000 • 0*0944 Oo OOOO Oo OOOO
3*00 0*0000 0.0000 0* OOOO 0 ; 2 1 3 2 0*0000 Oo OOOO
3*5° 0*0000 o* OOOO 0® OOOO 0 • 2 3 2 2 • 0*0000 0*0000
4.00 0.OOOO 0.0000 0* OOOO o . 1 5 1 0 6 ,0000 0*0000
4*5o 0,0000 0*0000 O* OOOO 0 * 1698 0.0000 0.OOOO
5 *oo 0•OOOO 0* OOOO 0 * 0000 0*1887 0 * 0000 0® OOOO
5*5o 0* OOOO 0* OOOO 0,0000 0 * 207 6 0 * OOOO 0 «OOOO
6 , 00 0,0000 0*0000 0*0000 0 •2 26 4 0 *0000 0 * OOOO
6 , 50 0 •OOOO o.oooo Oo OOOO 0 .24 5 3 0.0000 0,0000
7 .00 0*0000 0,0000 0* OOOO 0*2642 O eOOOO 0,0000
7* 50 0,0000 0.OOOO Oo OOOO 0 . 2 8 3 1 0 *0000 0•OOOO
8. 00 0,0000' 0*0000 Oo OOOO 0 . 3 0 1 9 ’ 0 * OOOO 0 » OOOO
8. 50 0,0000 0.OOOO Oo OOOO 0 • 320 8 0 *0000 0* OOOO
9 .00 0.0000 0* OOOO 0.OOOO 0*3-39 7 0 oOOOO 0 0 OOOO
9*5° 0 •OOOO 0.OOOO 0,0000 0®3585 0*0000 0® OOOO
10 .00 0 » xooo 0*0985 o©105 4 0*3774 0*0058 0 , 0 0 6 1
10 • 50 0® 3000 0*2955 0 . 3 2 6 1. 0 *3963 0 . 0 1 7 4 0*0004
11 . 0 0 0•5000 0*9849 Oo 7376 0 ®4x52 0*0425 0.0612
1 1 . 5 0 0•7000 : 1*9697 :2 .26 44 0 . 4340 0. 0 75 2 0 .0027
ia. 00 : x•4000 :2*5607 :x06859 0.4529 o« 1079 0 ® 0047is • 50 : x.6000 3* 447 X :2*4235 0.4 7x8 oi 2 427 0 * 007 4
1 3 . 0 0 • 2*3000 4.6389 :2*9503 0•4906 0.2887. 0 9 0 209
23*5o • 2 « 8000 5 ® 7 223 3*6879 0 . 5095 Oo 233 I 0*0253
1 4 ,0 0 3 .5000 . 6 .8 9 4 1 4*4254 0 . 5 2 8 4 0*2832 0 0 0207
14 .5 0 ! 4.5000 7*8790 4o9533 0 . 5 4 7 2 0 *3 3 x2 0.0269
15 .0 0 5*5000 9*3563 5 * 6898 0 . 5661 0*3925 0*03 43
25*5o 6.5000 : 10 0 8 3 3 6 6 0 7 43 5 0 *5850 0.4600 Oo 0430
16 .0 0 7.6000 ; 23 ,4 0 9 4 800079 0.6039 0*5353 0*0532x6. 50 8* 8000 : 23*7882 9»7992 o* 6227 0 *6x88. 0© 06 48i7«oo ; xo«4000 : x 4.9702 :22*9065 0 * 6 4 x 6 0 .7 1 2 2 ‘ 0*0782
1 7 . 5 0 : x x•7000 x 6*3504 :2 4*2x92 0•6605 0•8037 0*0934
18 .00 : X3 «4000' : 27*6293 :2 6*3266 0 .6 79 3 6 .9028 0*2204
18 .5 0 * I 5* 2000 : 2 8*7x26 : 2 8 .333 9 0*6982 6.9982 Oo 2293
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Experiment 20.8 (Cont1d.)
Time
Corrected photocell 
deflection i.e, obscuration, 
arbitrary units
Dimen­
sion-
less
time
Concentration
Norm, Norm, Cum .Trial
Al
Trial Trial
C
2 9 0 0 l 6 e 5 0 0 0 2 9 * 8 9 4 5 3 0  0  2 3 0 6 0 7 2 7 1 1 * 0 8 1 8 O o 1 4 9 7
z 9 5 ° 2 8 * 5 0 O O 2 0  a 8 7 9 3 2 2  *  7 0 5 7 0 7 3 5 9 2  * 1 6 7 0 0 * 1 7 2 7
2 0 0 0 2 9 • 5 0 0 0 2 1 * 7 6 5 7 2  3 i 2  8 0 9 0 7 5 4 8 I  *  2 3 1 2 O o 2 9 5 0
2 0 5 ° 2 0 • 8 0 0 0 3 3 *  6 5 2 1 2 4 * 5 5 0 6 0 7 7 3 7 I  *  3 9 9 ^ O ®  2  1 9 5
2  I 0 0 2  2 © 4 0  ©  © S 3 o 5 3 6 5 3 5 0 6 0 4 3 0 7 9 2 6 I 0 3 6 6 8 0 * 2 4 5 3
2  I 5 0 2 3 a 6 o O O 2 4 ® 4 3  4 9 2 6 . 7 6 3  4 0 8 2  1 4 2  *  4 2 8 8 0 ® 2 7 2 2
h  2 0 0 2 4 ® 8 0 0 0 2 4 . 8 2 8 8 2 7 * 8 2 7 0 0 8 3 0 3 2  *  4 7 9  4 0 ® 3 0 0 I
3 2 5 o 2 5  ® 8 0 0 0 3 5 a  6 0 6 7 2 8 0  6 6  0 0 0 8 4 9 3 X o  5 2 9 7 O *  3 2 9 0
2 3 0 0 2 6 . 5 0 O O 2 6 i 1 9 7 7 2 9  *  0 8 1 4 0 8 6 8 0 2  * 5 6 2 4 0 * 3 5 8 5
2 3 5 0 3 6 . 7 0 0 0 2 6 , 8 8 7 2 3 9 0  2  9 ,' 2  2 0 8 8 6 9 2 * 5 8 3 4 0 * 3 8 8 4
2 4 0 0 2 7 , 0 0 0 0 2 7 *  4 7 8 0 3 9  0  5 0 2 9 0 9 0 5 8 1 « 6 0  4 4 O *  4 2 8 6
3 4 5 0 2 6 ® 8 0 0 0 3 7 . 5 7 6 5 2 9 * 3 9 7 5 0 9 3 4 7 2 ® 6 0 0 5 0  « 4 4 8 8
3 5 0 0 2 6 *  6 0 O O 3 7 *  4 7 8 0 2 9 *  0 8 1 4 0 9  4 3 5 2 * 5 8 8 7 0 *  4 7 8 8
2 5 5 0 2 6 . 3 0 0 0
2 7 *  2 8 3 5 2 8 * 2 3 8 5 0 9 6 2 4 2 * 5 6 l 3 0 ® 5 0 8 3
2 6 0 0 2 5 ® 5 0 0 0 2 6 *  4 9 3 1 2 7 * 2 8 4 8 0 9 8 1 3 2 * 5 1 2 7 0 * 5 3 6 8
2 6
5 0 2 4 * 9 0 0 0
3 5 ® 6 0 6 7 2 5 0 9 2 0 4 2 0 0 0  1 . 1  *  4 6 0 1 0  » 5 6 4 4
2 7 0 0 3  4 a 4 0 0 0 3  4 * 9 x 7 3 2 4 * 7 6 2  4 2 0 2 9 0 I  a 4 1 5 3 0 * 5 9  2 2
2 7 5 o 2 3  *  8 0 0 0 2 4 i 2 2 7 9 2 3 * 9 1 8 4 2 0 3 7 9  . : 1 * 3 7 4 5 0 * 6 1 7 0
2 8 0 0 2 3  ^ 2 0 0 0 2 3 * 3  4 3  0 2 2 * 9 7 0 2 ‘ 2 0 5 6 7 . 2 * 3 ^ 6 1 0 * 6 4 2 2
2 8 5 o 2 2 * 3 0 0 0 2 2 * 6 6 7 2 2 2 * 3 3 7 9 I 0 7 5 6
1 . 2 6 6 7 0 ® 6 6 6 0
2 9 00 2  2 a 3 0 0 0 2 9 * 8 9 4 5 2 2 * 2 8 4 2 2 0 9 4 5 : 2 * 1 9  3  6 O o  6 8 8 5
2 9 5 o 2 0  0  4 O O O 2 8 * 5 1 5 6 2 0 * 3 3 5 9 2 2 1 3 4 : 1 , 2 3 ^ 0 0 ® 7 0 9 8
30 00 19*6000 2 6 * 8  4 1 4 1 9 . 3 8 7 6 X 1 3 2 2 ; 1 , 0 6  6 6 0 *  7 3 0 0
3o 5 o I9i xooo 1 5 *  5 6 1 0 i s , 4 3 9 3 2 15x1 : 2 . 0 1 4 5 0  .  7  4 9  2
3 1 00 x 8 » 4 0 0 0 2 3 * 8 8 6 7 2  7  O 4 9  2  0 2 1  7 0 0 0 * 9 5 1 0  . 0 * 7 6 7 2
3 2 5 o 2 7 * 5 0 0 0 I  2 *  7 0 4 9 2 6 * 7 5 3 4 I 1 8 8 8 0 * 8 9 7 1 0 *  7 8 4 0
3 2 0 0 2 6 ® 7 0 0 0 2  I * 7 2 0 0 2 6 *  2 2 2 2 : 2 2 0  7 7 0 *  8  5 0 9 o «  8 0 0 0
3 2 S o I5 *7ooo 2 0 ® 6 3 6 6 2 5 * 0 6 7 6 2 2 3 6 6 0 *  7 9 2 0 0 * 8 1 5 0
3 3 0 0 2 5 * 0 0 0 0 • 9 * 6 5 1 8 2 49E246 : . i 2 4 5 5 o *  7 4 3 7 0 0 8 2 9 0
3 3 5 o 2  4 *  4 0 0 0 8 * 8 6 3 9 2 3 ? 1 7 0 9 2 2 6 4 3 0 * 6 9 6 2 0 * 8 4 2 1
3 4 0 0 I 3 * 7 o o o 8 a 4 6 9 9 22*3280 2 2 8 3 2 0*6591 0® 8 5 4 6
3 4 5o 2 2 ® 9 0 0 0 7 ® 9 7 7 5 2  2  0  4 8  5  I X 3 0 3  2 0 *  6 1 8 3 o®8 662
3 5 00 l 2 o 2000 7 *  6 8 2 0 1 0 * 7 4 7 5 2 3209 0 * 5 8 5 2 0 * 8 7 7 3
3 5 5o 2 2 * 3 0 0 0 7 *  4 S 5 0 2 0 * 0 0 9 9 : 2 3 3 9 8 0 . 5 5 0 2 0 . 8 8 7 7
3 6 00 2 0 * 5 0 0 0 7 i 1 8 9 6 • 9*2670 : x 3 5 8 7 - 0 * 5 1 3 2 0 * 8 9 7 3
3 6 5 o 9 * 7 0 0 0 6 * 8 9 4 2 8 0 2 2 8 7 : 2 3 7 7 5 O a  4 7  4 0 0 , 9 0 6 3
3 7 0 0 8 * 9 0 0 0  S 6  *  4 0 1 7 7 o 1 6 5 0 . Li. 3 9 6 _4 . ..... 0  0  4 2 9 2 0 * 9 2  4 4
-  2k-Q -
E x p  e  r i m e n t  2 0 . 6  ( C  o  n  t ’ d . )
Time
Corrected photocell 
deflection i.e. obscuration, 
arbitrary units
Dimen­
sion-
less
time
Cone entration
Norm, N ornigCum,Trial
J:L
Trial
b
Trial
6
3 7*5° 8.6000 5*9092 0®53aB 1 . 4 1 5 3 0 « 4020 0.9220
36 .00 8.2000 5 . 6 1 3 8 5*7952 I. 4342 o.3746 0.9290
3 8*50 7•6000 5*3x63 5 .2 630 2 .4530 0 . 3 4 5 4 0.9 3 5 6
39 *oo 7 • 10 0 0 5* 0229 4*7 4X5 2.47X9 0.3&S2 0 . 9 4 1 6
39*5° 6.5000 4*9244 • 4* X093 2.4908 0.2968 0*9472
40 *00 6 * 2000 4» 727 4 . 3*7932 2. 5096 0 . 2 8 2 2 0 . 9 5 2 5
40* 50 5*5ooo 4.2350 3 * 477x X.5265 0 . 2 5 2 4 0.9573
41 «oo 5®1000 3*9395 3*0557 2*5474 0 0 23 x 2 . 0 . 9 6 1 7
4**5° 4.5000 3*74^5 ■ 2 . 6 3 42 2.5663 Oe 20 78 0.9656
42 *00 4*2000 3*5455 • 2 . 1 0 7 4 i.5852 Oo 1882 Oo 969I
42 * 5° 3 .9000 3*3466 : £ * 5 60 5 1 . 6 0 4 0 O . 2687 0 .9 7 2 3
43*oo 3 .6000 3*1 5 x6 :2.369s I.6229 0.i552 0.9752
43*5o 3 *3000 3 * 0 5 3 1 : 2*0537 2 . 6 4 1 7 0. 2 415 0.9779
44*00 2•8000 2 .9 5 46 0 © 9 463 j .6606 O. I2 8l O.9803
44.50 2 .5 000 2 .7 5 7 6 Oo 7376 2 .6795 0. 2 2 45 O .9825
45*00 2 .3000 2 .5607 Oo 6322 1*6983 O © 20 49 O .9845
45*50 2 ;2000 2 . 3 6 3 7 Oo4225 2.7172 0.0933 O09862
46 900 X« 6000 2. 1667 0«42X5 2.736l 0,0800 0.9877
46*5° x•5000 X09697 Oo 326 x 2.755° 0.0^23 O .9892
47*00 1 0 5000 X0 7728 Oo 2X07 2.7736 0.0666 0.9904
47 .50 1 9 40 O O 2 .5 7 5 6 Oo 2207. x. 7927 O .0609 0.9915
48.00 I 0 2000 13 0 7882 ob 1054 I. 8 216 O . 2884 0.9970
48. 50 I«OOOO >25x8x8 ob 2054 I.8304 O0O437 0.9976
49 ®oo 0.9000 0.9849 ob 1054 I.8493 0 .0380 0*9965
49 . 50 0* 7000 0.7679 Oo OOOO 2.8682 o©o38 4 0.9990
50 .00 o® 5000 0.6894 OoOOOO 2 0887 I • 0. 62 2 7 o*9995
50*50 O a 2000 0 * 49 2 4 o«OOOO 2.9059 0 0 0 i 3 2 0*999 7
51 .00 6 51000 0*2955 Oo OOOO X.9248 O0O076. . Oo 9999
51*50 0.0000 Ob 1970 o® OOOO 2.9437 0.0038 o®9999
52 «oo 0 00000 0.0985 Oo OOOO s. 9625 OoOO 29 . J* 0 OOOO
52* 5° OoOOOO 0.0985 0,0000 2 . 9 8 1 4 0 . 0 0 1 9 ; x.000053*00 OoOOOO OoOOOO Oo OOOO 2 .0003 0,0000 ;2.0000
Experiment 20,9
C o r r e c t e d p h o t o c e l l
d e f l e c t i o n  i . e ,  o b s c u r a t i o n , D i m e n ­ C o n c e n t r a t i o n
f l r h i  t r a r v - l i n i  t . R s i o n -
T i m e
l e s s
t i m e
N o r m .
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TABLE 23
SUMMARY OF RESULTS FOR EXPERIMENT NO, 21
Tray plus 3*5” downcomer, 
Weir height 3n•
~ Factor 0,83.
E^ cpt, No, 2 1 . 1 2 1 . 2 21.3 21.4 21.5 2 1 . 6 21 c7 2 1 , 8 21,9
. L gal,/min. 47,9 k3.5 37.3 31.9 27.0 22.0 17 = 5 1 2 .0 7,0
M.K.T. (secs,) ; 9*06 9.89 11.3 12 . 7 14.3 16 .5 18.9 26.3 41.8
Cf ^  (sec, )P 4.30 8.31 11.7 13.3 33.2 26,4 28,6 38,4 170=8 ‘OJ
.062 ,066 .073 .077 .079 ,078 .081 ,066 .098
V ft,3 1 . 1 6 1.13 1.13 1,08 1.03 0.96 .091 .084 .078
U ft„/secQ .221 .202 .178 .138 . i4o . 1 22 .103 .077 ,048
D ftP/s°c 10 .137 .13^ .129 .122 . 1 1 0 .098 .083 .063 ,o4o
2 4 V  -
Experiment 21.1
Time
Corrected photocell 
deflection i.e. obscuration, 
arbitrary units
Dimen­
sion­
less
time
* Concentration
Norm, Norm I Cum,Trial
A
Trial
1)
Trial
C
6 • 00 0*0000 0.0000 0.OOOO 0 0000 0 0000 """o. 0 og 0
o•5° 0*0000 0.0000 0.0000 0 O 552 0 0000 0 « 0.0 Q 0X*00 0.0000 0.0000 0.0000 0 1 1 0 4 0 0000 0•pooo
X•5o 0♦0000 . 0.0000 0* 0000 0 1656 0 oopo 0•0000
2 .00 0•0000 0.OOOO 0.0000 0 2208 0 0000 0.0000
2 •So 0•0000 0•0000 0.0000 0 2760 0 0000 0.0000
3• 09' 0•0000 0.OOOO 0.0000 0 3 3 1 2 0 0000 0.0000
■ 3•5o 0*1000 0.0000 0.0000 0 3865 0 0020 0. 00 01
4• oo 0 * 7000 0 * 0000 0 • 3 39 2 0 44x7 0 0210 o.oox 3
4•So 2 « OOOO 0 a OOOO 1 *6955 0 4969 0 0 7 48- 0*0054
5• oo 4.0000 0.2900 6.442 7 ; 0 5522 0 217 2 0 . 0 1 7 4
5•5° 6 * 5000 1 .0x50 1 2 . 2 0 7 3 0 6073 0 399 2 0 . 0394
6• oo 9 • 8000 3 »33 49 2 0 . 1 7 5 9 0 6625 0 6 7 40 0*0766
6 *5 o' I 3•7000 7 . 10 4 8 27*9750 0 7177 0 9870 0 . 1 3 1 1
7• 00 x 8.5000 1 2 . 3 2 4 6 3 2 . 7 2 2 3 0 7729 1 2858 0 * 2 0 2X
7*50 23 *6000 • 18 . 2 6 9 4 34*2482 • 0 8281 X 5401 0 .28 71
8« 00 27 ® 3000 2 3 . 1 9 9 2 3 3 *06x4 0 6633 X 69 07 0.3805
8 .50 29'. xooo 270694* 2 9*1 6 x8 0 93gS X 7392 0.4765
9• 00 29•2000 30.5940 23 *2277 0 9937 x 679 8 0.5692
9 . 50 280 0000 3 1 . 1 7 4 0 18 .6 5 0 0 2 049 0 X 5747 o«6 ^ 62
10 • 00 25*5000 29*5790 14*7505 I 1042 X 4129 0 .7 3 4 2
10 • 50 21 * 8000 26.099 1 10 .8509 X 2 59 4 I 1887 0 « 7998!l I* 00 1 7 . 5 0 0 0 21* 749 3 7.9686 I 2146 0 9554 0•8 526I X*50 13 . 0 0 0 0 17*3994 5 .5 950 I 269 8 0 7283 0 * 8928I 2 *00 9 * 2000 1 3 . 6 2 9 5 4# 7473 x 3250 0 5 58° 0 *9 236I 2 •5o 6 *3000 10 « 29 47 3*7300 I 3802 0 4X 12 0*9 463
,13• 00 4»3000 7*5397 3 *0 5x8 x 4354 0 3013 0.9629
<2 3*50 2 « 8000 5 .3 6 48 2 .3 7 3 6 x 49 06 0 2 13 2 0 .9747I 4• 00 1 .9 0 0 0 3 . 9 1 4 9 I.8650 I 5458 0 2 554 0*9833
14• 5 0- I * 2000 2*7549 2 *356 4 x 60x0 0 2 075 0.9892
15 »00 0 »8ooo 1.7399 0.8477 , X 6562 0 0685 0 *9930
15«50 0 C 6 000 x . 3050 0.5086 X 7i 15 0 0 488 0*9957i 6• 00 0 fi 4000 1 .0x50 0 * 3 39 1 X 766 7 0 0355 0.9976i 6 *50 0 « 3000 0.5800 o . 1695 X 8219 0 0212 0 *99 88
17 • 00 0 *2000 o« 2900 0 • 16 9 5. X 8771 0 0x33 0.9995
x 7 <* 5° 0•x 000 0.x 450 0 . 1 6 9 5 I 9323 0 0084 1*0000
I 8• 00 0•0000 0*0000 0.0000 _X 9875 ; 08 0000 I.OOOO
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Experiment 21.2
Time
Corrected photocell 
deflection i,e* obscurationj 
arbitrary units
.Dimen­
sion­
less
time
Concentration
. Norm, Norm, Cum * iTrial
A
Trial
B
Trial
C
| 0. 00 0 OOOO 0•OOOO 0.0000 0.0000 o.oooo 0.0000
| o . 50 0 OOOO 0.0000 0.0000 : ‘0 .0 50 6 0 *0000 0.0000
]:1 .00 0 OOOO 0.0000 0.0000 ; 0 . 1 0 1 1 0.0000 0.0000
1 :1 . 5 0 0 OOOO 0,0000 ' 0•OOOO . 0 . 1 517 0»0000 0 © 0000! 2 ,00 0 0000 0.0000 0.0000 - 0 ,2022 0 * OOOO 0© 0000
] . 2 . 50 0 0000 0•OOOO , 0* 0000 0 .2528 0 . OOOO oi 0000
3*00 0 OOOO 0*0000 0. 0000 •; 0 . 3 0 3 3 0 « OOOO o. 0000
3*50 0 OOOO 0,0000 o^oooo : °-3539 0.0000 0 © 0000
4.00 0 6000 0,3X02 0.8086 I 0*4044 0.0308 0 . 0 0 1 6
4*5° 2 OOOO X • 2612 ■ : 2* 5 4*5 j 0.4550 0 b x 106 0 . 0 0 7 1
5.00 3 9000 :2 , 5 2 2 4 5 - x9 6 4 .1 0.50 55 0 . 2 2 1 4 ■ 0 . 0 1 8 3
5 • 5° 6 2000 4.9396 9.010 6 j 0 . 5 5 6 1 0 . 3 8 3 9 •0*0377
6.00 9 4000 8. 1 9 7 9 : 13 • 631 4 0 • 6066 0 .595°- 0.0678
6. 50 : 13 OOOO XI-. 8765 :18 .8 2 9 9 0 .6572 0 .8 3 2 7 ob1099
7.60 : 17 OOOO 1 6 ^x857 :25.0680 0 . 7 0 7 7 :1 • 1 0 9 9 O.X 660
7.50 21 2000 2 ot. 7050 :29.1 1 x2 0 . 7 5 6 3 : £.353° 0 . 2 3 4 4
8.00 • 2 4 ‘8000 2 5 . 1 1 9 3 30 .8 440 0.8088 :1 . 5 3 6 8 0 * 3 1 2 2
8. 50 : 27’xooo 2 7 . 2 2 1 3 30 .4975 0 .8594 :1 . 6 1 6 0 o®3939
9,00 - 28 20 0 0 2 8 . 0 6 2 2 .: 2 8 „ 7 6 47 0 ,9099 x © 6200 0© 4758
9*5 0 ' 28 OOOO 2 7b1 x62 :2 5° 53°£ 0.960 5 1 . 5 3 6 5 °® 5535
10 .00 2 6 7000 2 4-59 3 8 • 21 . 1  40 3 . :1 *0 x10 x. 3 8 0 1 0 . 6 2 3 2
10 „ 50 . 24 3000 sx-5459 I7*6747 :x, 0 6 1 6 ' X• 2 1 0 2 0 .6844
1 1 . 0 0 2 1 1000 x8b1826 ' • x 4. 7866 : x. 1 1 2 1 -;1 .0302 o®7365
£i*5° : x 7 4000 2 5-3 449 1 2 0 2 452 ; x. 1 6 2 7 0 .8572 Oo7796
12 ,0 0 : 14 3000 1 3 •558x xo. 2 8 1 3 :1 * 2 1 3 2 0 .72 67 0.8x65
1 2 . 50 x 1 6000 xi. 9816 - 8.4330 :1 . 2 6 3 8 0 • 6 10 0 o©8 474
13 , 0 0 ‘9 3000 1 0 , 6 1 5 3 7.o 468 : x.3 X43 0 . 5 1 3 7 0 . 8 7 3 3
£3*5° 7 3000 9* 3541 6 .0 0 7 1 :‘i *3649 0 . 4 3 1 8 0 .8952
14 .0 0 5 8000 8.0928 5 ; 1 9 8 4 :1 . 4 1 5 4 0 . 3 6 3 7 0 . 9 1 3 5
1 4 . 50 4 7000 6.8 3x6 4, 3898 :1 .4 660 ° • 3°33 0.9289
1 5 .0 0 3 7000 5 .7806 3»927 7 ' x • 5 £ 6 5 °»2555 0.9 4x8
*5 ° 5° 3 xooo 5.0449 3®35° 2 ' 1 . 5 6 7 1 0 . 2 1 9 0 0.9529
16 „oo 2 5000 4 . 4 1 4 3 ■ :2.8880 . 1 . 6 1 7 6 0 ; 1868 0.9623
1 6 . 5 0 2 1000 ■ 3 .6 7 86 :2 .4^59 1 , 6 6 8 2 0 • 1563 0 .9702
17 . 0 0 X 8000 3 * x 53i : x. ® 7 3 2 6 : 1 . 7 1 6 7 0 . 1 2 7 4 0.9766
x 7 * 5°. X 6000 :2 .6 2 7 5 . 1 . 3 6 6 2 • ' £.7693 0 • 1070 0 . 9 8 2 1
18 ,00 X 5000 : i*9969 0.92 42 . 1 .8 x98 0.08 42 * 0.9863
18 . 50 I 4000 x * 5765 0 . 6 9 3 1 x.870 4 0.0699 0.9898
19 . 00 I xooo :1 , 2 6 1 2 0 . 4 6 2 1 : x.9209 0. 0 53 8 0.9926
1 9 . 5 0 X OOOO 0.9459 0. 3 466 1 .97i 5 0 .0 4 37 0.99 48
20 ,00 0 8000 9-7357 0 . 2 3 1 0 : 2 .6220 6 .0 3 3 7 0.99650«003 0 6000 0.5255 0 . 3 3 1 0 2 .0 7 2 6 ' 0.0258 0.9976
2 1 . 0 0 0 4000 0.3153 0.X15 5 :2 . 1 2 3  x 0 . 0 1 5 8 0 .9986
2 I . 50 0 2000 O,2X02 0.1 x55 :2 .x737 o.oxoo 0 .9 9 9 1
2 2.00 0 2000 ob105 X o.ix55 > 2 . 3 2 42 0,0080 0.9995
22 . 50 0 1000 0. X051 0 . 1 1 5 5 2 .2 748 0 .0 06 1 0 ©9998
2 3 .OO 0 1000 - 0 . 1 0 5 X 0.0000 :2 •325 3 0.0039 :1 .0000
2 3 * 50 0 0000 0.OOOO 0.0000 1- 2.3759 0.OOOO :1 ,00 00
-  2' i6 -
Experiment pi .3
T.m T nT ^— i*** J mfciiili >*<« »
Time
Corrected photocell 
deflection- i.e, obscuration, 
arbitrary units
Dimen­
sion­
less
time
Concentration
Norm*• Norm.Cum.Trial
A
Trial
i>
Trial
C
0.00 0.0000 0.0000 0* 0000 0.0000 0.0000 0.0000
0.50 0.0000 0 .0000 0* OOOO 0.0443 . 0 * OOOO 0.0000
: x.oo 0 OOOOO 0.0000 0.0000 0 .0 8 8 6 1 0.0000 0.0000
: 1 •50 ' 0.0000 0.0000 0« OOOO 0 . 1328 0.0000 0.0000
2 .00 0 .0000 0•0000 0.OOOO 0 . 1 7 7 1 0.0000 0.0000: 2«50 0.0000 0.0000 0 * OOOO 0 . 2 2 1 4 0 .OOOO 0.0000
3 .00 0 • 10 0 0 0.0000 ■ 0.0000 0 . 2 6 5 7 •0.00 I 4 0 . 0 0 0 1
3*5° 0 « 7000 0 . 1 2 6 3 0.OOOO 0 .30 99 0 .0 x17 0® 0006
4.00 X »8000 0*5053 0•OOOO 0.3 542 0 .0 32 6 0.0020
4® 5° 3 .6000 1 . 7 6 8 6 0 * 0 0 0 0 0 .39 8 5 0.0 758 0 .0 0 5 4
5 ,00 6.2000 4 . 3 9 5 1 0 . 5 3 3 5 0 ,4 43 8 0 . 1 5 5 7 0 . 0 1 2 3
5® 5o 9 *2000 7.0743 ■ 2.3 x16- 0.4870 0.26 2 5 0 .0239
6 0oo :12 . 2 0 0 0 xo. 2 3 2 5 4* 8 0 1 1 0 * 53 13 0 . 3 8 46 0.0 409
6 .50 :1 5 •4000 1 3®6433 8.7 1 3 1 ' 0 .5 7 5 6 0®5332 0 . 0 6 45
7 .00 :i8.8ooo :1 7 •3063 : I 3•1 5 86 0 .6x99 0.6957 0. 09 53
7® 5o 22 .300 0 :30.9 703 ■' 2:7*9597 0 . 6 6 4 1 0.86 47 0; 1336
8.00 25 .5 000 2 4.760x :22 .7608 0. 70 8 4 1 .0 3x2 0.1793
| 8*50 2 803000 '• 28 * 423 6 • 2 7* 384s 0*7537 1 . 2 8 7 8 0 * 2 3 19
9*00 30•3000 3 x © 708 x‘ 3 3*363o 0 .7970 £©33X3 • 0*2908
9*5° 3 1 .0000 36.9863 0 .84x2 x . 4 4 9 ^ 0*3550
20 066 3 X 0 2000 36 a 3:295 38 .9423 0 .8 8 55 x 0 5° ° 8 0 * 42 x 4xo * 50 30 * 4000 3 6 .3 8 2 2 3 9.1201 0 .9298 1 . 49 St­ 0* 4876
X I .00 2 9.OOOO 34 .8663 38.4088 0 . 9 7 4 1 2 .4444 0® 5516
X 1 .50 2 7.3000 3 1 . 8 3 4 4 36® 2750 : 1 . 0 1 8 3 x* 3 47 4 0® 6xI 2
12 . 0 0 25 .2000 28.8026 33*7855 . : 1 .0 62 6 1 . 2 3 9 8 0. 66 61
12 . 50 2 3 •2 O O O 2 5 . 3 6 5 4 3 0 . 0 5 1 3 2 . 1 06 9 1 .xo 88 0* 715 2
X3.oo„ ■ 20.9 OOO 2 1 . 9 809 2 5 . 4 2 8 1 _. i ♦ 2 5 i.2 . 0.96 47 0*7579
/
- 2k? -
Exp g rime nt 2 1 . 5 (Co nt * d.)
  ,  ......
Time
Corrected photocell 
deflection i.e, obscuration, 
arbitrary units
Dimen­
sion- 
* less 
time -
Concentration
Norm* Norm. Cum ♦Trial .
ii.
Trial
B
Trial
C
23 So 19 0000 ; 18.570 x :20.8048 2 . 1 9 5 4 0.8244 0 . 7 9 4 4
£4 00 • £7 0000 :16.0435 : 16.7149 ‘ 2.2397 0 . 7027. 0.8256
14 5° : £5 2000 : £3*6433 13*6920 : 1 • 2840 0.6007 0.8521
£ 5 00 : 13 4000 :21.6221 1 1.2026 ' 1 ♦ 3 2 83 0.5116 o. 87 48
15 5° ; 1 1- 6000 :10.1062 9.6022 : x•3 7 2 5 0*4 42 2 0® 89 4416 00 9 9000 8.7166 6 * 5 3 5 3 1.4168 0.383 4 0*9114l6 5° nO 4000 7.5796 7 • x x 2 7 ' x.4611 0.3261 0.9258
£7 00 7 3000 6.5690 6.0458 : £.5054 0.2812 0.9382
17 5° 6 3000 . 5 * 5 5 6 4 4.9789 :1.5496 0.23 78 0* 9 488
13 00 5 4000 4 * 5 4 7 8 4* 089 8 : £ . 5 9 3 9 0; 1982 0 . 9 5 7 5i8 5° 4 8000 3•53 7 2 3 • 7 3 42 : 1.6382 0; 1705 0.9651
19 00 4 OOOO :2.9055 3 *3786 : x.6825 0.1452 0.9715
£9 5o 3 3000 2.5265 3.0229 i.7 2 6 7 0.1250 0.977120 00 2 9 000 2.1476 2.4895 * x . 7 7  10 0.xo6 4 0* 9818
20 5° ? 3000 1.7686 • 2.1338 £.8153 0.0876 0.98572 I 00 : 2 OOOO £•5 1 59 1 . 7 7  82 1.8596 0.07 48 0.9890
2 I 5° : 1 8000 1.2633 1» 42 2 5 1.9038 0.0634 0.99182 2 00 : 1 6006 : 1.010 6 '1.0669 1.9 48 1 0.0519 0.9941
2 2 5° ; 1 2000 0.8843 0.711 3 1.9924 0.039 5 0.9958
2 3 CO 0 9000 0.6316 0 * 5 3 3 5 3.0 367 0*0292 0.9971
2 3 50 0 7000 0 .3 7 9 ° 0 . 3 5 5 6 2*0809 0.020 3 0. 998024 00 0 6000 0.2527 0 .3 5 5 6 2.1252 0*0171 0. 9988
24 5° 0 4000 0.2537 0.1778 2. 1695 0*6X17 o . 9 9 9 3
2 5 00 0 3000 0.1263 0.1778 :2.2x38 0*0085 0 . 9 9 9 7
2 $ 5o 0 a 2000 0.1263 0.0000 2.2580 0.00 46 0 . 9 9 9 926 00 0 . IOOO 0.1263 0.0000 2.3023 0*0032 ,1.000026 5° 0 *0000 0.0000 0.0000 : 2.34.66 0.0000. : x. 0 0 0 0
- Zk8
Time
Corrected photocell 
deflection i,e, obscuration, 
arbitrary units'
Dimen­
sion­
less
time
Concentration
Norm,\
Norm.
Cum.Trial
A
Trial
E
i.
Trial
C
0,00 0.0000 . 0.OOOO " 0.0000 iL. 1461 0 9.3X4 0 .75 3 6o•o 0.0000 0.OOOO 0.OOOO 1 • 1856 0 8263 0 . 7 8 5 3
: i.oo 0.0000 0.0000 0.OOOO 1 . 2 2 5 2 0 7366 0 * 8 1 4 4
i.5° 0.0000 0.0000 0.OOOO x.2647 0 6486 0 * 8 40 0
2.00 0.0000 0.0000 0.OOOO x.3° 42 . 0 5682 0.8625
s. 50 0 ,0000 0.0000 o. 0000 i®3437 0 5012 0 * 8 8 2 3
3.00 0.0000 0.0000 0.OOOO 1 . 3 8 3 3 0 4456 0 * 8999
3*5° 0•0000 0.0000 0.0000 . x.4228 0 3899 0*9X53xj, d 0 0 0 .3000 0 •OOOO 0.0000 1 . 4 6 2 3 0 3419 0.9288
4 *5<> 0.8000 0.20X0 0.0000 . 1 • 5 0 1 8 • 0 29 40 0 *9 40 4
5.00 :2 .xooo 0. 80 41 0,0000 ' 1*54X3 0 £5 97 0*9507
5*50 3 % 7000 :i. 8093 0* 2129 • x.5809 0 ££35 o.9595
6.00 5 0 6000 3.4x74 0.6388 ‘1 . 6 2 0 4 0 1950 0*9672
6.50 7 .5000 5 .8296 x , 1 7 1 £ • 1 .6 59 9 0 1607 0*9736
7.00 9•7000 8. 6439 • 5 5 5 3 1 . 6 9 9 4 0 1398 0*9791
7*5<> xi. 9000 ' XI. 6593 5 .0 0 4 1 ■ 1 . 7 3 9 0 0 1 1 3 0 0*9836
8.00 :14 .2000 ■ X 5 . 2 7 7 7 8.0918 1 . 7 7 8 5 0 0977 0.9874
8. 50 . x6 .4000 ■ 18 .99 66 1 1 . 49 8 8 1 .8180 0 0824 0*9907
9.00 . 18 .7 0 0 0 ■ 2 2 , 5 1 4 4 x 5. 4382 1 . 8 5 7 5 0 0670 0*9933•2 1 . 1 0 0 0 :£5 .7 3 0 8 I9.3776 1 . 8 9 70 0 0536 0.9955
10 .00 '23.9000 ■ 3 8 . 1 4 3 0 : 2 2 .7 8 47 x .9366 0 0364 0.9969
xo. 50 ■ 26.7000 * 29.x 482 :25.659 4 1 . 9 7 6 1 0 0349 Oo 99 79.
X I .00 :28.5000 ■ 29 • I 482 . 3 7 .6 82 4 2 . 0 1 5 6 0 0 x73 0*9986
XI. 50 29 .OOOO : 2 8 . 3 441 ' 28.9600 2 .055 I 0 0 x34 0.9 9 9 1
12 , 0 0 :28.0000 : 2 6. 4344 £9*3859 ' 2.09 46 0 0096 0*9995
I2 .50 25 .5000 • 2 4. 022 I : £ 8« 9600 2 . 13 42 0 0077 ' 0.9998
13 iOO ’22.7000 : 2 1 . 4 0 8 8 :26.8306 ■£.1737 0 0038 0.9999
1 3 .5° i2 0,0000, :1 9 . 0 9 7 1  ^2 4. 381 8 2 * 2 1 3 2 0 0620 I .OOOO
14 .0 0 - : 1 7  * 4000 : x 6«7853 •2X.9329 £ . £ 5 2 7_ 0 0000 :1 .0 00 0
I
1
- 2k9 - *
Experiment (Confd.)
. Time
Corrected photocell 
deflection i.e, obscuration, 
arbitrary units
Dimen­
sion- 
less I 
time
Concentration
Norm. Norm.■ Cum. :Trial.
A
Trial
B
Trial
C
14 . 5 0 : 1 5 . 40 0 0 :x 4*8756 1 9 * 6971 0 .0000 . 0.OOOO • 0.0000
15*00 :1 3 . 7 0 0 0 :1 3 . 0 6 6 4 : 27 .5676 0 .0 3 9 5 0.0000 0•OOOO
1 5 . 50 : 12 .0000 2 1 . 7 5 9 8 2 5* 7576 0.0790 0 .OOOO 0.0000
16 .00 : 10 . 5 0 0 0 : 20 .3526 : 23*9476 0.2186 0,0000 0.OOOO
16 . 50 ■ 9• 10 00 •9*2 470 ' 2‘2 * I 3 7 6 0 . 1 5 8 1 0.0000 0,0000
1 7*oo 8.0000 8.2 419 .20 .6 471 0 . 1 9 76 0.0000 0.0000
1 7 • 5° 7*3000 * 7 .2 3 6 8 * 9*3694 0 . 2 3 7 1 0•0000 0•OOOO
18 .00 6.5000 6*43*7 7.9853 0 . 2767 0.0000 0.0000
1 8 . 50 5.7000 5.8296 6. Si .41 o *3 162 0 .0056 0 *0002
19 .0 0 5.0000 5*o*55 5*7494 0.3557 0 . 0 1 8 7 0 . 0 0 1 0
19*50 4. 40 0 0 4. 4225 ‘ 5ix106 0 . 3 9 5 2 0 . 0 5 4 1 0 . 0 0 3 1
20.00 3 .7000 3 * 8 19 4 4* 47x8 0 .4347 0; 1067 0 .00730.0OJ 3 .20 0 0 3 * * x 63 4*° 459 0.4743 o.x 800 0 , 0 1 4 4
2 1 . 0 0 ' 2 * 5000 l 2 .7x38 3 * 4072- 0 . 5 1 3 S 0 . 2 7 0 3 0 . 0 2 5 1
2 1 .5° :2 .2000 :2 . 2 1 1 2 3*0876 0 * 5533 ■ 0. 38 9 5 .0*0405
2 2*00 :1 .9000 ; x.6082 :**5553 0 * 59 28 0 .53*4 0 . 0 6 1 5
2 2. 50 :1 •7000 :1 *3066 l2 .2 3 5 9 0 . 6 3 2 3 0»7003 0® 0892
23 .00 : x•5000 : 2 *0051 2 . 9 1 6 5 0.6 7x9 0 . 8 7 4 1 0 * 1 2 3 8
*3-50 :1 . 3 0 0 0 0. 80 41 1 . 4906 0 .7x24 : 1 . 0 5 6 0 0 . 1 6 5 5
24*00 :Im1000 0 . 6 0 3 1 : 1 . 1 7 1 2 0 . 7509 1 * 23 41 0 . 2 1 4 3
24 .50 0.7000 0.4020 o.85x8 0 •790 4 x.3947 • 0 .260 4
3 5.00 0.5000 0 . 3 0 1 5 0.5 3* 4 0 .8 300 2.5x9* 0.3*94
*5*50 0 .3000 0 . 2 0 1 0 0. 4* 5 9 0.8695 2*59o5 0*39*3
2 6.00 O 0 3000 0 . 2 0 1 0 0 .32 9 4 0.9090 1 ® 6086 O.4559
26 . 50 0.2000 o.X005 0 . 2 1 2 9 0.9 485 2 .5 623 . 0 . 5 1 7 6
2 7.0 0 ' 0 «1000 o . 1005 0. 2 i 29 0.9 880 2•4628 0*5754
2 7. 50 0 •1000 0.0000 0; 2065 •:1 . 0 2 7 6 I. 3 2 2 2 0*6277
28 .00 0.0000 0.0000 0;2065 : 2 . 0 6 7 1 I . 1832 ’ 0*6744
3 8. 50 0.0000 0.OOOO o . 0000 _: 1 .1066 X. 0 460 0* 7 158
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experiment 2 1 .6.
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Experiment ?1,7
Time
Corrected photocell 
deflection i.e. obscuration, 
\ arbitrary units"
Dimen-v 
sion- 
less ; 
time
Concentration .
\
Norm, Norm.Cum.Trial/. TrialB
Trial
C
o 00 0 0000 0 OOOO 0 0000 0.0000 0.0000 0,0000
o 5° 0 0000 0 OOOO 0 0000 0*0264 0,0000 0.0000: i oo . o 0000 0 OOOO 0 OOOO 0.0529 0.0000 0,0000
: x 5o 0 0000 0 OOOO 0 OOOO 0 .0 7 9 3 0.0000 0.OOOO
: 2 00 0 0000 0 0000 0 OOOO 0 . 1 0 5 7 0,0000 0.OOOO
: a 50 0 OOOO 0 OOOO 0 OOOO 0* 132 X 0 ,0000 0.0000
3 00 0 OOOO 0 OOOO 0 OOOO 0 . 1 5 8 6 0 •OOOO 0.OOOO
3 5o o OOOO 0 OOOO 0 OOOO 0 * 18 50 0.0000 0.0000
4 00 0 OOOO 0 OOOO 0 OOOO i 0 .2 x14 0.0000 0.OOOO
4 50 o OOOO 0 OOOO 0 OOOO 0 .2 3 7S 0,0000 0.0000
5 oo o 0000 0 OOOO 0 OOOO 0 .26 43 0.0000 0.0000
5 50 0 OOOO 0 OOOO 0 0000' 0 . 2 90 7 0.0000 0.0000
6 oo o OOOO 0 OOOO 0 OOOO 0 . 3 17 2 0.0000 0.0000
6 50 0 OOOO 0 OOOO 0 OOOO 0 .3436 0.OOOO 0* OOOO
7 oo 0 OOOO 0 OOOO 0 OOOO 0 . 3 700 0.0000 0.0000
7 50 0 6000 0 OOOO 0 OOOO 0 .39 6 4 0.0000 0.0000. 8 oo o XOOO 0 1 0 1 4 0 0904 0 . 4 2 2 8 0.0060 0.0062
8 5o 0 6000 0 8x13 0 6325 0 .4493 0 .0 420 0.00x3
9 oo : i 3000 \ I 7239 . 1 5360 0.4757 0.093.8 . 0.0037
9 5o 2 7000 : 2 73 80 : 2 7106 0. 502 1 0 . 1 6 7 6 0.0082
10 00 4 4000 4 0563 4 2465 0 * $286 0 . 2 6 1 2 0.0x51xo 50 6 4000 • 5 4761 5 8729 °* 5 5 5° 0 .3650 Tj-
o*•0•0
1 1 oo 8 9000 7 301 4 6 680x 0 . 5 8 1 4 0 .4706 0.0 3 7 2
1 X So : x x 2000 9 43 2 0 9 4870 0.6078 0 . 6 1 9 3 0 . 0 5 3 5
12 oo • 23 7000 X x 45 9 2 x 1 3844 0.6343 j 0.7 5x4 0 . 0 7 3 4
12 50 : 16 3000 2 3 4873 12 8300 0.660 7 0 .87 63 0.09 65
13 oo : i9 xooo 25 3 2 27 2 4 45 6 3 0 . 6 8 7 1 x. 0 0 49 0 . 1 2 3 1
13 5o 2 I 3000 17 2395 1 6 2634 0 . 7 1 3 5 X•I 269 0 . 1 5 2 914 oo • 2 3 4000 • 2 9 2676 X 8 0704 0 . 7 400 I. 2 489 0 ; 1 8 5 9
1 4 5o : 25 3000 2 r 0930 19 7871 0 . 7 6 6 4 I * 3608 0.2 2x9
2 5 00 : 2 7 OOOO 23 2023 21 5038 0 .7 928 2 • 4745 0 * 2608
2 5 5o : 28 2000 24 6423 2 3 6 732 0 «8193 I.5733 0 . 3 6 2 4
1 6 oo : 28 9000 2 5 6564 24 5758 0 .8 4 5 7 1 . 6 2 7 2 '0 . 3 4 5 4X 6 5o : 29 OOOO 26 3662 26 6539 0 . 8 7 2 1 1 .6865 o . 3900
2 7 00 : 28 4000 26 3662 27 1056 , 0 .898s X.6835 O . 4345
2 7 50 : 27 1000 2 5 8592 26 9 2 49 0 .9250 1 .6 426 0.4779
1 8 oo : 2 5 xooo 25 25 07 26 2021 0 . 9 5 1 4 X.5742 0* 5295x8 So : 2 3 OOOO 2 4 2366 2 5 2 2 79 0 .9 7 7 8 x , 48 7 8 0, 55 88
29 00 •' 2 1 2000 23 1 2 x1 2 3 7626 : 1 . 0 0 4 3 X 04000 0.5958
29 50 • 2 9 6000 2 1 4986 22 5880 1 . 0 3 0 7 X•3096 0 ,6 3 0 4
20 o o ‘ x8 OOOO 19 6733 21 0520 ’ 1 .0 5 7 2 1* 2 0 7 5 0.6623
20 50 : 16 4000 18 0507 2 9 9678 ' 1 . 0 8 3 5 X•I 190 0 . 6 9 1 9
Experiment 21,7 (Cont'd.)i  .... ti.
Time
Corrected photocell 
deflection i.e, obscuration, 
arbitrary units
Dimen­
sion­
less
time
Concentration
Norm, Norm.Cum,Trial
A
Trial
B
Trial . 
C
3 1,00 - 2 5 0000 I 6 428 2 : 18 7029 "1 . 1 xoo : i 0308 0 7x91
2 1 . 50 : 13 7000 •2 5 41 41 ; 17 3476 1 • 1 364 0 9554 0 744432,00 : 12 3000 2 4 X97* : 16 2634 x. 1628 0 8793 0 7 67 6
2 2 * 50 1 1 0000 13 I8 3X • 2 5 1 7 9* 1 . 1 8 9 2 0 809 4 0 7890
2 3 .0 0 ■9 9000 .15 1690 •' 13 7335 1 .2 x57 0 7362 0 8085
23.50 9 0000 X X 2563 . 12 6 493 x. 2421 0 6766 0 8263
2 4.OO 8 1000 10 3437 . 1 I 565i 1 ,2 685' 0 6x71 0 8 426
2 4. 50 7 5000 -9 8366 IO 57i5 x. 2950 0 5739 0 8578
2 5 .OO 6 9000 . 9 3296 •9 3966 1 . 3 2 1 4 0 iS 569 0 8 7x7
5 5-50 6 2000 8 751 1 8 49 31 1.3478 0 4815 0 8845
26 .00 5 8000 8 0 1 1 3 7 5896 1 . 3 7 4 5 0 4401 0 8961
26 . 50 5 4000 7 301 4 6 6861 1 •400 7 0 3987 0 906 6
2 7 .OO 5 1000 6 6930 6 0536 ' 1 * 4271 0 3670 0 9*63
5 7 * 50 4 8000 6 1859 5 52 2 5 2•453 5 0 3395 0 95 53
28.00 4 6000 5 6789 5 1 5 0 1 . 1 * 4800 0 3X73 0 9337
2 8.50 4 3000 5 1 7 1 8 4 5*76 x . 5° 6 4 0 2877 0 94*3
29.00 4 0000 4 7662 4 0658 x.53*8 0 2639 0 94 82
29 .5 0 3 7000 4 1576 3 61 41 1.5595 0 53 59 0 9545
30 .00 3 4000 3 8535 : 2 9816 1 .5857 0 2105 0 9600
30.50 3 2000 3 4479 : 2 620 2 1 . 6 1 2 1 0 1906 0 9651
3 1 . 0 0 3 1000 3 1437 : 2 3 49* 1 . 6 3 8 5 0 1767 0 9697
3 1 . 5 0 3 0000 : 2 S394 1 9877 1 . 6 6 49 0 1609 0 9740
3 5 .0 0 : 2 8000 ' 2 6366 : i 8070 1 .6 9 x 4 0 1489 0 9779
3*. 5o . 2 5000 2 3354 ■ i 8070 x. 7 1 7 8 0 X365 0 9815
33 *oo : 2 1000 : 2 1296 : 1 6263 1 . 7 4 4 5 0 X20 4 0 9847
33.5o : x 8000 : 1 9268 : 1 3553 x. 7707 0 IO45 0 9875
3 4*00 : 1 5000 : 1 6 225 i I746 x.7971 0 0884 0 9898
3 4* So : i 2000 : 1 4197 1 08 42 1 . 8 2 3 5 0 0765 0 9918
35*oo x 0000 . 1 2 169 0 9939 x *8499 0 0 6 60 0 993*5
3 5-5 0 0 8000 ' 1 H55 0 9035 x .8764 0 0580 0 9951
36.00 0 7000 ; 1 0 1 41 0 7228 i .9028 0 0501 0 996 4
36 -5° 0 6000 0 8x13 0 5 4 2 1 1 . 9 2 9 2 0 0 402 0 9975
3 7 .0 0 0 5000 0 6085 0 3 6i4 1.9557 0 0302 0 9983
37*5° 0 4000 0 30 42 0 2 7 1 1 1 . 9 8 2 X 0 020 1 0 9988
3 3 . o o 0 3000 0 2028 0 1807 2 .00 8 5 0 0 1 4 1 0 9992
33.50 0 2000 0 2028 0 1807 2 .0349 0 0 120 0 9995
39 .00 0 2000 0 10 x 4 0 09 0 4 2 , 0 6 1 4 0 0o8l 0 9997
39*5o 0 1000 0 1 0 1 4 0 0904 2 ,0 8 7 8 0 0060 0 9 9 9 9
40 • 00 0 1000 0 1 0 1 4 0 0000 2 ; 1 1 4 2 0 0041 : *x 0000
,40 • 5o 0 0000 0 0000 0 0000, 2 : 1 4 0 6 0 O O O O ; x 0000
\
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Experiment 21.8 (Cont'd.)
C o r r e c t e d  p h o t o c e l l
d e f l e c t i o n  i . e .  o b s c u r a t i o n , • D i m e n ­ C o n c e n t r a t i o n
s i o n ­
T i m e c/.rui i r a i  l i i ii  v/C) l e s s y* mJ X Ui •
T r i a l T r i a l T r i a l t i m e
n o r m . . C u m .
E C
*  r • 5 * rf*  . R ' O O rf -  • / *rrf 5 2 . ^ 4 2 8 0 .  9 rf 0 j X .  78o 4 0 *r ‘r
 ^ .  0 0 C C1 ’■) A • r* 1 ^rf w • ‘rrf <•'- J — • -  rf — “ 0 . 9 4 9 5 1 . 7 5 9 8 0  ^^ n t *r  ^ ' A
•• j  - ; o j l . 4 0 0 0 3 1 • 5 0 9 5 •' T " T " n rf • rf • rf < 0 • ✓ 8 j 1 • 7 x .8 6 0 J x V *
. ' / . c o 3 0 . 9 0 0 0 3 0 .  36 <2 rf O • ; 9 rf X 0 . 9 8 7  5 T . 6 7 9 * 0 - *66 rf r
3 ' . J O j  0 • O O O O 2 3 . 6 1 8 9 * 9 . 8 ? x 3 1 , o c 6 5 I .  62 CC c 5 7 7 5
2 ;  . 00 2 C .  9 0 0 c 2 3 . 4 6 3 6 2 3 . 7 421 1 . 0 2 5 5 X .  + 7 2 0 6c
n m m~ • J - 2 7 .  /- oo o *' 4 • rf °  ’ - * 7 . 5 I o j + .0 4 4 4 .  500 1 0 65 58
2 8 . 0 0 2 6 . 1 0 0 0 06 0 'r 7,-\ ~ y • -v j / 3 5 0 . 1 7  5 '^ I n j  " ■’ X • O -  rf t I / 'i c* * • r / r 0 6 6 3 ”
2 8 .  50 2 4 . 7 0 0 0  ^ r* 1a 7 6 * 4 . 9  4 *r° 1 . 0 8 2 4 T . + 2 4 c
y r\ f> nI ' l  0 1
3 9 .0 0 . 23 .  2000 2 3 . 3  4 7 2 S i . 6036 I .  I  c I 4 I  ^ f> E -* rf / > 0 7 T  '  * / X rf *-
7 5 6 ?3 ;  .  50 2 1 . C O O O 2 2 . 5 8 i 3 2 2 .  I  7 2 J 1 . 1 2 0 4 T . 2 1 1 4 0
j c  .  c c 2 0 . 3 0 0 0 2 I . O O 65 2C . 65  C 7 1 • x rf9 4 J r 1 7  i . 0 7576
J O  .  j c I C . 9000 I 9 . O 5 I O I  9 . 4O O 3 . 1.1  5 C 4 I _ rf H• 0 rf t 0 7 7 7 7
j  . C O 1 7 . 3000 1 8 . 5 8 0  5 I 7 . 9 6rf8 1 .  i  7 7  4 0 .* 5 COO 0 7 9 6 4
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4 4 - 5 0 • 1 .3000 o*.  C 4c 3 1 .  1252 1 .6901 0 .  0 6 . ,  1 0
’ '* .  c cr rf •  ^ - I .  I C O C 0 . 73 5 * c . 9239 1 .70  51 0 • 0 50 2 0 3 > 7 *
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Experiment pi. 9t - ■ - F -1 i  ..
Time
Corrected photocell 
deflection, i.e. obscuration, 
arbitrary units
Dimen­
sion­
less
time
Concentration
Norm, Norm.Cum.Trial
A
Trial
E
Trial
C
0. 00 0* 0000 0.OOOO 0.OOOO 0 6000 0 0000 0 0000
1 .00 0* 0000 0*0000 0*0000 0 0339 0 0000 0 0000
3 . 00 0 * 0000 0.0000 0*0000 0 0479 0 0000 0 0000
. 3*°° 0,0000 0.0000 o* 0000 0 0 7x8 0 OOOO 0 0000
4*00 0.0000 0*0000 o* 0000 0 0957 0 0000 0 0000
5 .00 0* 0000 0.0000 0.0000 0 XI97 0 OOOO 0 OOOO
6 * 00 0 * 0000 0.0000 0*0000 0 *436 0 0000 0 0000
7 .0 0 0.0000 o.oooo 0*0000 0 1 676 0 0000 0 OOOO
8 , 00 0.0000 0,0000 0,0000 0 1 9 1 5 0 OOOO 0 OOOO
9® 00 0* OOOO 0.OOOO 0 *0000 0 21 54 0 0000 0 OOOOI o* 00 0* 0000 0* OOOO 0,0000 0 2394 0 OOOO 0 0000Ii* 00 0.0000 0* 0000 0*0000 - 0 £633 0 OOOO 0 OOOO
is* 00 0•OOOO 0,0000 0*0000 0 28 72 0 OOOO 0 OOOO
x 3 .00 0,0000 0.0000 0. OOOO' 0 3** £ 0 OOOO 0 OOOO
1 4* 00 0.0000 0* OOOO 0.0000 0 335X 0 OOOO 0 0000
1 5 ,00 o* OOOO o* 0000 0.0000 0 359x 0 OOOO 0 0000
1 6 . 00 0*0000 0 .0 85 7 0 ,0000 0 3830 0 0015 0 OOOO
1 7 * 00 0* OOOO 0 . 1 7 1 4 0.0000 0 406 9 0 0029 0 ooox
1 8 . 00 o.iooo 0*8573 0 . 1 2 7 9 0 4309 0 0187 0 0006I 9* 00 0*6000 1 * 7 1 4 3 1 . 5 3 5 1 0 4548 0 0662 0 0621so* 00 1 ,3000 3 .8 38 6 2 . 8 1 4 3 0 4787 0 1 x94 0 0050
31 .00 :2®i000 4 . 3 8 5 8 4.3494 0 5627 0 1847 0 009433® OO 3 .4000 6* 6001 6 .7799 0 5266 0 3887 0 0163
33® OO 5•6000 9*0859 8.9546 0 55®S 0 4067 0 0361
34*00 8*1 OOO 1 1 . 7 4 3 1 1 1 .5 1 3 * 0 5745 0 5394 0 039035.00 I 0.8000 13 • 9 717 1 4 .67x6 0 5984 0 6683 0 0550
36 *00 2 3 .7000 x 6.3860 1 7 .0x38 0 6224 0 8085 0 0743
37 * OO I 4.5000 1 8* 6003 2 0 . 2 1 1 9 0 6463 0 9 1 7 1 0 0963
3 8*00 I 9* 3000 2 0 . 4 8 6 1 ■ 33 .8 9 8 3 0 6702 X 07 66 0 1330
39® OO ’ ■ 32 .4000 3 1 • 6 0 0 4 :£5. 3289 0 6943 X X 926 0 1506
30 .00 :3 5 ; 3 0 0 0 2 2* 8861 :2 7 .8 8 7 3 ‘ 0 7 1 8x X 3069 0 2819
31 .00 :37•8000 2 4.OO04 3 0 * 3 1 7 9 ■ 0 7420 X 4126 0 2 15 7
33* OO :39.8000 2 5.O39O 32 .36 46 0 7 6 60 X 5000 0 3 5x6
3 3 • 00 3 1 • 3 0 0 0 2 5 . 9 7 1 9 3 4 .3 8 3 5 0 7899 X 5733 , 0 3893
34 .0° 3 3 • 1 000 26.829O 35 .6907 0 813 9 X 62 77 0 3283
35*°° 33 .4000 27*6005 •36*9699 0 8378 X 6682 0 3 681’
36 • 00 3 3* 3000 27 .6862 37 .0978 0 86X7 X 6 684 0 4081
37 . 00 3 1 . 3 0 0 0 3 7® 4391 3 6 . 7 1 4 0 ra 0 8857 X 6401 0 4473
3 8. 00 30.0000 3 6 . 7 4 3 3 s 3 5.I790 0 9O96 I 58x3 0 4852
39*00 38.3000 2 5 .6 39 0 33 . 388 0 0 93 35 X 5021 0 5£*3
40 • 00 3 6 . 10 0 0 2 4 .2 5 7 6 3 0 .9575 0 9575 I 3988 0 5546
41 .00 ' 34® 6000 2’2 .  7 1 4 7 ' 28,3990 0 98x4 X 303 5 0 5858
43*00 3 3 ® 0000 3 1 . 3 4 3 3 • 3 5 . 7 1 2 6 X 0054 : 1 2051 0 6x47
43.00 3 1 • 7 0 0 0 .2 0 * 14 3 2 23 .0 2 6 2 . X 0293 X 1 1  59 0 6414
44 • 00 30•6000 I 9* 63 89 20.4678 X 0533 X 0338 0 6661
45 .00 x 9.3000 1 8 . 1 7 1 8 I 8.1 6 5 X X 0772 0 95 7* 0 68 90
46.00 1 8 .3000 1 7 . 3 1 4 6 x6 . 8859 X X 0X2 0 90x4 0 7x0 6
47 • 00 I 7 .2000, 1 6 . 4 5 7 4 1 5 . 6 0 6 7 I 1250 0 8475 0 7309
48* 00 I 6.3000 1 5 . 6 0 0 3 1 4 . 4 5 5 4 • X 1490 , 0 7957 0 7499
2. ( C o n t 1 d .  )
Time
Corrected photocell 
deflection i.e. obscuration, 
arbitrary units
Dimen­
sion­
less
time
Concentration
Norm, Norm. Cum.Trial Trial
B
Trial
C
4 9 00 x 5 3000 *4 7 43* 1 3 3°4° 1 X729 0 7457 0 7678
50 00 1 4 6000 *3 8002 1 2 * 527 X I 968 0 6976 0 7845
5 1 00 1 3 OOOO 1 2 9431 x 1 1 2 93 I 22 08 0 6377 0 7998
52 00 t 2 I 000 1 2 0002 1  0 1060 I 2447 0 5884 0 8138
53 00 1 1 3000 1 1 *43* ' 9 2105 I 36 87 0 5445 0 8369
54 00 10 8000 10 37 16 8 8267 X 2 936 0 5x60 ■ 0 8392
55 00 x 0 I OOO * 9 6002 8 0592 I 3 1 6 5 0 4775 0 85O756 00 '9 8000 9 0002 7 5475 X 3405 0 4533 0 8615
57 00 9 2000 8 57 16 6 9079 I 3 644 0 4345 0 87*7
5s 00 8 7000 8 4001 6 2683 i X 3883 0 4030 0 8 813
59 00 ■8 2000 8 22 87 5 5007 I 4 1 2 3 0 3772 0 89O3
6 0 00 7 7000 8 °573 4 7332 I 4363 0 3 525 0 8988
61 00 7 2 0 00 7 8859 4 V/*1* *|V ^ : x 4602 0 3299 0 9O67
62 00 6 7000 7 7 144 3 8377 1 X 484! 0 3*4° 0 9142
6 3 00 6 2000 . 7 543° 3 3260 . I 5080 0 3936 0 921 2
64 00 5 8000 7 28 58 3 3260 I 53 2 0 0 2823 0 9280
65 00 5 4000 7 0287 3 0702 X 5559 0 2666 0 9343
66 00 5 0000 6 77 *5 2 8143 X 57.9s 0 2509 0 94°3
67 00 4 5000 6 42S7 2 5585 X 6038 0 2330 0 94-8
68 00 4 0000 6 0858 2 3026 I 6516 0 *99* 0 9558
69 00 3 7000 5 8287 2 0468 X 6756 0 18 37 0 9602
70 00 3 4000 * 5 4858 i 1 79°9 I 6995 0 1685 0 p6 42
71 00 3 2000 5 0572 X 535* I 7235 0 1569 0 9679
7 2 00 3 OOOO 4 7144 X 4072 I 7474 0 1449 0 97x4
73 00 *. 2 9000 4 37*5 X *5*3 X 77*3 0 X343 0 9746
74 00 : 2 8000 4 1 1 4 4 0 8 955 I 79 53 0 1238 0 9776
75 00 : 2 7000 3 8572 0 6396 X 81 92 0 xx55 0 98O4
76 00 2 6000 3 6001 0 5**7 X 8431 0 X 0 7X 0 982,9
77 00 2 5000 3 3429 0 3838 X' 867X 0 0988 0 9853
78 00 : 2 4000 3 0858 0 2558 X 89x0 0 0926 0 9875
79 00 : 2 3000 2 8286 0 2 558 X 9150 0 0843 0 9895
80 00 : 2 2000 2 5715 0 12 7 9 I 9389 0 0764 0 99x4
81 00 ‘ 2 OOOO 2 31 43 0 * 2 79 X 9638 0 0 686 0 9930
82 00 1 8000 2 0572 0 1279 X 9868 0 °585 0 9944
S3 00 1 6000 1 8000 0 0000 2 0x07 0 O489 0 9956
84 00 ,x 3000 X 5429 0 0000 2 0346 0 O4IO 0 9965
85 00 1 X 000 1 2857 0 OOOO 2 0586 0 °347 0 9974
86 00 0 9000 : 1 **43 0 OOOO 2 08 25 0 0283 0 998I
87 00 0 7000 0 9429 0 OOOO 2 1064 0 0236 0 9986
88 00 0 6000 0 77*4 0 0000 2 I 304 0 °*57 0 999°
89 00 0 4000 0 5*43- 0 OOOO 3 *543 0 0x25 0 99939° 00 0 3000 0 4286 0 0006 2 *783 0 0093 0 999591 00 0 2000 0 3429 0 OOOO 3 2022 0 0079 0 999792 00 0 2000 0 2571 0 OOOO 2 2261 0 0047 0 9 9 9 8
93 00 0 IOOO 0 *7*4 0 0000 2 2 5 0 1, 0 0047 0 9 9 9 9
94 00 0 I OOO 0 *7*4 0 OOOO 2 3740 0 oox 5 1 0000
95 00 0 OOQO 0 0857 0 0000 2 2979 0 0015 X OOOO
96 00 0 0000 0 0857 0 OOOo 3 32* 9.. 0 OOOO _ 1 OOOO
97 00 0 0000 0 0000 Of OOOO
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TABLE 24
SUMMARY OF RESULTS FOR EXPERIMENT NO. 22
Tray plus 2,75" downcomer* 
Weir height 3n•
- Factor 0,85*
Expt. No. 22.1 22 ,2 22.3 22.4 22.5 22,6 22.7 22,8 22.9 !
L gal,/min* 30 ,0 43.9 38,0 33.0 28.0 23 .0 18 .0 12.5 7.0
M.R.T, (secs,) <; 8,27 9.31 10,7 11.5 13.1 14.9 18 .0 23.6 38.8
rr 2 < \2 CT ^  (sec. ) 3.99 6 . 1 5 9.19 8.87 13.1 18 .8 27.6 39.8 '132.3
a 2 .062 .071 .080 .082 .082 .083 , 086 .078 .088
V ft3 1.11 1.10 1.09 1.05 0.98 O.92 0.87 0.79 0.73
TJ ft./sec. .242 .215 . 187 .174 .153 *135 .111 .083 .052
D ftP/sec,x 10
L - . . ___________________.ra
.149 .155 .150 .135 . 126 .112 .095 .074 .043
- 261 -
Experiment 22.1
Time
Corrected photocell 
deflection i.e. obscuration, 
arbitrary units
Dimen­
sion­
less
time
Concentration
Norm. Norm.‘ Cum.Trial
A
1 Trial 
B
Trial
C
0 00 O *0000 0 OOOO 0 •0000 ! 0 0000 0 OOOO 0 0000
0 50 o*oooo 0 OOOO 0 *OOOO 0 0605 0 OOOO 0 OOOOi 00 0 * OOOO 0 OOOO 0 OOOO 0 1 209 0 OOOO 0 OOOOX 50 0 * OOOO 0 OOOO 0 OOOO' 0 1 8 1 4 0 OOOO ' 0 OOOO
3 00 0*0000 0 OOOO 0 OOOO 0 2419 0 OOOO 0 OOOO
3 5o 0*0000 0 OOOO 0 OOOO : 0 3024 0 OOOO 0 OOOO
3 00 0 .OOOO 0 OOOO 0 OOOO ! 0 3638 0 OOOO 0 OOOO
3 50 O Q 3000 0 OOOO 0 2769 1 1 0 423 3 0 OX 01 0 0006
4 00 I•OOOO 0 5384 1 3845 ! 0 4838 0 0 5 1 4 0 00374 50 3 .7 00 0 3 2302 4 5690' 1 0I 5442 0 I 8 46 0 01 49
5 00 5*9000 7 806 4 9 968 7 ; : 0 6047 0 4163 0 0 400
5 5o 10 . 7 0 0 0 13 3346 17 0399 . 0 6652 0 721 6 0 0837
■6 00 1 6 * 8000 1 9 9 197 24 5065 ; 0 7256 1 07 62 0 I 488
6 50 23.6000 2 5 5725 29 2 I.40 ! 0 7861 - 1 3779 0 23 217 00 2 8*3000- 29 6103 33 0907. ; 0 8 466 1 5998 0 3288
7 50 3 0.6 0 0 0- .3 2 0330 34 8906; i 0 9071 • 1 7 1 4a 0 43258 00 3 x *0000 3 2 1 6 76 34 3368; 0 9875 1 71 39 0 53618 50 29 08000 30 552 4 3i 1 5 2 3 1 1 0280 i 608 4 0 63349 00 27 0 6000 27 59i 4 26 5833i 1 0885 1 4374 0 7203
9 $o 2 4.3000 2 3 5536 30 •21 44; X 1489 X 1965 0 79 26
10 00 2 1 ♦OOOO 18 7083 •I 3 5686 1 209 4 0 9385 0 8 49 31 0 50 , x 7 .2000 14 2668 8 86 1 1 • 1 2699 0 7089 0 8921
1 1 00 1 3 . 3 0 0 0 1 0 3636 6 2305 1 1 3303 0 5 2 55 0 92391 1 50 1 0 . 1 0 0 0 7 1334 4 7075 X 3908 0 3857 0 9472
1 3 00 6.8000 4 9799 3 599s 1 4523 0 2703 0 9636X 3 50 ; 3*9000 3 6340 2 6306, 1 5 2 2 8 0 1 7 8 7 . 0 9744
13 00 3 .4000 • 2 69 18 1 7999 j 1 1 5722 0 1 2 1 1 0 981713 50 1 * 8000 - 1 88 43 X 3845: i i 63 27 | 0 089 1 0 9871
24 00 1 . 3 0 0 0 1 3459 1 1076 1 1 6932 0 0660 0 99 2 21 4 50 1*0000 0 9 421 0 8307 ! 11 7536 0 0487 0 99 4°25 00 0•8000 0 5384 0 5538; 1 X1 8 14 1 0 0333 0 9960
15 50 0•6000 0 4038 0 4154. j 1 8746 0 02 49 0 9976
16 00 0•4000 0 269 2 0 2 7 6 91 j 2935o 0 0166 0 99 86
1 6 5 0 0.2000 0 2692 0 1 3 8 5 ; i 1 99 55 0 01 07. 0 999 217 00 0 . 1 0 0 0 0 13 46 0 1 3 8 5 ' l 2i 0560 0 0066 0 999617 5 0 0♦1000 0 13 46 0 1 3 8 5 . • 21 1 1 6 5 ! 0 0066 X OOOO
18 00 0.0000 0 *0000 0 0000" 1 3 (! .. 1769 0 0000 1 OOOO
* t
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Experiment 22.2
T i m e
C o r r e c t e d  p h o t o c e l l  
d e f l e c t i o n  i . e .  o b s c u r a t i o n ,  
a r b i t r a r y  u n i t s
D i m e n -
s i o n -
l e s s -
t i m e
C o n c e n t r a t i o n
N o r m . N o r m .C u m .T r i a lA
T r i a l
B
T r i a l
C
0 00  ' 0 O O O O 0 O O O O 0 0 0 0 0 ( • 0 O O O O 0 O O O O 0 0000
0 50 0 O O O O 0 O O O O 0 O O O O 0 0 5 3 7 0 O O O O 0 0000
1 00 0 O O O O 0 O O O O 0 O O O O 0 1 0 7 4 0 OOOO 0 0000
1 5 0 0 OOOO 0 OOOO 0 OOOO 0 I  61 I 0 OOOO 0 OOOO
2 00 0 OOOO 0 OOOO 0 OOOO 0 2148 0 OOOO 0 OOOO
2 5o 0 OOOO 0 OOOO 0 OOOO 0 2685 0 OOOO 0 OOOO
3 00 0 OOOO 0 OOOO 0 OOOO 0 3 2 22 0 OOOO 0 OOOO
3 50 0 OOOO 0 OOOO 0 OOOO 0 3 7 5 9 0 OOOO 0 OOOO
4 00 0 6000 0 5614 0 2348 0 4296 0 0235 0 0013
4 5 o 2 2000 3 0877 2 *135 0 4633 0 *  2 4 4 0 0079
5 00 5 2000 6 8771 4 9316 0 5370 0 2858 0 0233
5 5o 9 2000 11 6 490 8 5 7 * 6 0 5907 0 49 43 0 0 498
6 00 *  4 3000 16 5 6 x 2 * 3 I 5 ° 9 0 6444 0 7 3 9 5 0 0895
6 50 * 9 3000  , * 9 6489 18 5 5 2 2 0 69 82 0 9662 0 * 4 * 4
7 00 24 2000 2 5 1226 23 8360 0 7 5 * 9 1 2292 0 2075
7 So 28 2000 28 3506 28 4 * 5 4 0 8056 1 42 76 0 2841
8 00 30 9 000 3 0 8769 3 * 9380 0 8 5 9 3 1 5 7 46 0 3687
8 5o 3 2 OOOO 3 * 2979 33 8167 0 9130 1 6318 0 4 5 6 3
9 00 3 i 3000 29 7 5 4 * 33 3 4 7 o 0 9 667 ■ 1 5862 0 5 4 1  5
9 5o 29 2000 26 9 4 7 * 30 5289 1 0204 1 4 5 6 4 0 6197
1 0 00 26 OOOO 24 1 401 • 26 6 5 4 i X 0741 X 29 03 0 6890
10 5o 22 3000 20 4910 22 3096 ’ 1 1378 1 ° 9  39 0. 7478
I X 00 18 9000 * 7 5 43 7 18 3 * 7 4 1 181 5 0 9201 0 7 9 7  2
11 5o * 5 8000 1. 5 01 7 4 * 5 1470 1 2352 0 7 7 2 3 0 8386
1 2 00 1 3 I 000 x 2 9122 12 5638 X 2889 0 6 482 0 S 735
r 2 5 ° 1 0 8000 10 9 4 7 3 10 3 3 2 9 X 3426 0 5 3 9 ° 0 9024
1 3 00 8 8000 8 9824 8 2193 1 39 6 3 0 4369 0 9359
1 3 5 ° 6 8000 7 1578 • 6 6929  . 1 4500 0 3 4 7 ° 0 9445
1 4 00 5 2000 5 61 40 5 5187 1 5037 0 2744 0 9592
* 4 5 ° 3 9 000 4 3 5 o 8 , 4 2271 1 5 5 7 4 0 209  7 0 9705
* 5 00 3 OOOO 3 2280 3 0529 1 6 x 11 0 * 5 5 9 0 9789
* 5 5o 2 3000 2 5263 2 *  * 3 5 r 6648 0 11 66 p 9 8 5 116 00 1 8000 1 8245 1 5264 1 7185 0 0 865 0 9898
16 5 ° 1 4000 1 4 ° 3  5 1 1742 1 7733 0 0668 0 9 9 3 4
17 00 1 I  000 0 9824 0 8219 1 8359 0 0 488 0 9960
*  7 5 ° 0 8000 0 7017 0 5871 X 879 6 0 ° 3  5 * 0 9 9 7 9
1 8 9 ° 0 5000 0 421 0 0 3 5 2 3 .1 9 3 3 3 0 0214 0 9 9 9 °
18 50 0 2 000 0 2807 0 2348 I 9871 0 0 x 20 0 9 9 9 7
19 00 0 X O O O 0 *  4 ° 3 0 * * 7 4 2 0408 0 0060 X O O O O
* 9 5 ° 0 O O O O 0 0000 0 OOOO 2 ° 9  4 5 0 0000  ■ 1 0000
* . : /
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0 0 0 0 0 0 0 0  j . 0 OOOO 0 0 0 0 0 iO OOOO 0 OOOO 0 o o o o ­
0 5 o 0 OOOO 0 OOOO 0 0 0 0 0 0 0 4 6 7  . 0 OOOO 0 o o o o
1 0 0 0 OOOO 0 OOOO 0 0 0 0 0  . 0 09  3 5 ’ 0 0.0 0 0 . 0 0 0 0 0
1 50 0 OOOO 0 OOOO 0 0 0 0 0 0 X 4 0 2 0 OOOO 0 OOOO
2 0 0 • 0 OOOO 0 OOOO 0 0 0 0 0 0 1 8 7 0 0 OOOO 0 0 0 0 0
2 5 o 0 OOOO 0 OOOO 0 OOOO 0 £ 3 3 7 0 OOOO 0 OOOO
3 0 0 0 OOOO 0 OOOO 0 OOOO 0 2 8 0 4 0 OOOO 0 OOOO
3 50 0 OOOO 0 OOOO 0 OOOO 0 3 £ 7 £ . 0 OOOO 0 OOOO
4 0 0 0 3 0 0 0 0 2 0 5 0 0 OOOO 0 3 7 3 9 0 0 1 0 9 0 0 0 0 5
4 So 1 4 0 0 0 0 6 1 5 0 0 2 3 6 8 0 4 2 0 6 0 0 4 8 5 0 0 0 2 8
5 0 0 2 9 0 0 0 I 1 2 7 6 1 3 0 2 $ 0 4 8 7 4 0 11 48 0 0 0 8 1
5 So 5 2 0 0 0 2 4 6 0 2 2 9 6 0 3 0 5 1 4 1 0 2 2 8 7 0 0 1 8 8
6 0 0 7 9 0 0 0 5 1 2  53 5 3 2 8 6 0 5 6 0 9 0 39 5 2 0 0 3 7 3
6 5 0 x 1 OOOO • 8 6 1 0 6 7 9 3 3 8 0 6 0 7 6 0 59 3 1 0 0 6 5 0
7 0 0 1 4 6 0 0 0 I 2 0 9 5 8 11 4 8 6  0 0 8 5 4 3 0 8 2 2 2 0 1 0 3 4
7 5 o 17 9 0 0 0 1 5 4 7 8 6 2 5 8 6 7 3 0 7 0 1 1 I 0 6 0 4 0 x 5 3 0
8 0 0 2 0 5 0 0 0 . 18 5 5 3 8 *9 4 * 9 7 0 7 4 7 8 I 2 5 9 2 0 2 x 1 9
8 5 o 2 2 4 0 0 0 . £ I 1 1 6 4 21 0 7 7 4 0 7 9 4 5 1 39 1 0 0 2 7 6 9
9 0 0 £ 3 . 8 0 0 0 2 2 8 5 9 1 2 4 0 3 7 8 0 8 4 1 3 1 5 2 2 4 0 3 4 8 0
9 5 0 2 4 4 0 0 0 £3 5 7  6 6 2 5 3 2 1 9 0 8 8 8 0 X 5 7 6 2 0 4 2 1 7
1 0 0 0 2 4 OOOO £3 3 7 1 6 2 5 5 7 7 1 ; 0 9 3 4 8 1 5 7 0 9 0 4 9 5 1
10 So 2 2 9 0 0 0 2 2 5 5 2 5 2 4 7 4 8 2 0 9 8 1 5 1 5 1 1 7 0 5 8 5 8
11 0 0 21 2 0 0 0 21 42  40 2 2 9 7 2 0 1 0 2  8 2 1 4 1 2 5 0 6 3 x 8
11 So 1 9 OOOO 1 9 4 7 8 3 2 0 6 0 3 8 1 0 7 5 0 1 2 7 2 2 0 6 9  1 2
1 2 0 0 16 XOOO 1 7 2 2 1 2 2 7 4 0 6 6 1 1 21 7 r 09  2 4 0 7 4 2 3
r 2 5 o 13 3 0 0 0 x 4 4 5 3 5 1 4 4 + 3 1 1 6 8  4 0 9 0 8 7 0 7 8 4 8
2 3 0 0 11 I 0 0 0 1 2 3 0 0 8 1 2 0 7 8 1 I 2 1 5 2 0 7 6 4 0 0 8 2 0 5
13 50. 9 3 0 0 0 10 3 53 2 1 0 4 2 0 3 X 2 6 1 9 0 6 4 7 6 0 8 5 0 7
* 4 0 0 7 8 0 0 0 8 9 1 8 1 8 5 2 57 X 3 0 8 7 . 0 5 4 3 6 0 8 7 6 2
1 4 5 o 6 5 0 0 0 7 5 8 5 5 6 9 8 6 3 X 3 5 5 4 0 4 5 3 8 0 8 9 7 4
2 5 0 0 5 3 0 0 0 6 6 6 3 0 5 9 2 0 6 I 4 0 2 1 0 3 8 2 9 0 9 X53
15 5 o 4 x o o o 5 9 4 5 4 4 8 5 4 9 I 4 4 8 9 0 3 2 0 9 0 9 3 0 3
16 0 0 3 3 0 0 0 ' 5 3 3 0 4 4 0 2 6 0 I 4 9 5 6 0 2 7  2 5 0 9 4 3 0
16 5 0 2 8 0 0 0 ' 4 7 2 53 3 43 4 ° I 5 4 2 3 0 £3 5 8 0 9 5 4 0
r 7 0 0 2 3 0 0 0 3 9 9 7 8 2 7 £ 3 5 I 5 8 9 1 0 2 9 4 3 0 9 6 3  i
17 5 o 2 OOOO 3 2 8  0 2 2 3 6 8 3 I 6 3 5 8  • 0 1 6 4 7 0 9 7 0 8
18 0 0 1 8 0 0 0 2 7 8 7 7 2 0 1 3 0 I 6 8 2 6 0 1 4 1  7 0 9 7 7 4
18 5 0 1 5 0 0 0 2 2 S S 2 1 6 5 7 8 I 7 £9  3 0 1 1 6 6 0 9 8 2 9
1 9 0 0 1 2 0 0 0 1 8 4 5 1 1 4 2 1 0 I 7 7 6 0  ■ 0 0 9 6 2 0 9 8 7 4
1 9 5 o 1 OOOO 1 5 3 7 8 1 1 8 4 1 I 8 2 2 8 ' . ' 0 0 8 0 1 0 9 9  11
2 0 0 0 0 8 0 0 0 • 1 I 2 7 6 0 9 4 7 3 : 1 8 6 9  5 - 0 0 6 x 9 0 9 9 4 0
2 0 5 o 0 6 0 0 0 0 9 2 3 6 0 7 i o  5 I1 9 1 6 2 . 0 0 4 8  1 0 9 9 6 2
21 0 0 0 4 0 0 0 0 6 1 5 0 0 4 7 3 7 I 9 6 3 0 0 0 3 2 1 0 9 9 7 7
21 5 o 0 3 0 0 0 0 3 0 7 5 0 3 5 5 2 2 0 0 9 7  ; 0 0 2 0 7 0 9 9 ^ 7 ,
22 0 0 0 2 0 0 0 0 2 0 5 0 0 2 3 6 8 2 0 5 8 5 0 0 x 3 8 0 9 9 9 4
2 2 5 0 0. I 0 0 0 0 1 0 2 5 0 x 18 4 2 1 0 3 2 0 0 0 6 9 0 9 9 9 7
2 3 0 0 0 1 0 0 0 0 1 0 2 5 0 1 1 8 4 2 1 4 9 9 0 0 0 6 9 I OOOO
2 3 5 9 0 OOOO 0 OOOO _-0. OOOO 2 1 9 8 7  ' 0 OOOO x OOOO
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o OO 0 OOOO • 0 OOOO 0 * 0 0 0 0 0 OOOO 0 OOOO 0 OOOO
0 5 ° 0 OOOO 0 OOOO 0 . OOOO 0 0 4 3 5 0 OOOO 0 OOOO
I OO 0 OOOO 0 OOOO 0 * 0 0 0 0 . 0 0 8 7 0 0 OOOO 0 OOOO
I 5 0 o OOOO 0 OOOO 0 . 0 0 0 0 0 1 3 0 5 0 OOOO ‘ 0 OOOO
2 0 0  . 0 OOOO 0 OOOO 0 .OOOO 0 * 7 3 9 0 0 0 0 0  ; 0 OOOO
2 5 0 0 OOOO 0 OOOO • 0 . 0 0 0 0 0 3 x 7 4  * 0 OOOO 0 OOOO
3 OO o OOOO 0 OOOO ' 0 . 0 0 0 0 0 2 6 0 9 0 OOOO 0 OOOO
3 50 o OOOO 0 OOOO 0 . 0 0 0 0 0 3 0 4 4 0 OOOO 0 OOOO
4 0 0 0 OOOO 0 0 0 0 0 *. 0 . 0 0 0 0 0 3 4 7 9 0 OOOO 0 OOOO
4 5 o o OOOO 0 OOOO 0 . 0 0 0 0 0 3 9 * 4 0 OOOO 0 OOOO
5 0 0 V. o 1 0 0 0 0 X 1 0 3 0 . 1 x 8 3 - 0 4 3 4 9 0 0 0 7 7 0 0 0 0 3
5 So o 7 0 0 0 0 6 6 1 8  . 0* 8 2 7 8 0 4 7 8 3 0 051-2 0 0 0 2 6
6 0 0 2 2 0 0 0 I 9 S 5 3 2 . 3 6 5 1 0 5 2 1 8 0 * 5 3 2 0 0 0 9 2
6 5 0 4 4 0 0 0 4 4 1 1 8 4 * 4 9 3 7 0 S 6 S3 0 3 * * *  i 0 0 2 2 8
’ 7 OO ‘ 7 7 0 0 0 7 5 0 0 1 6 . 9 7 7 0 0 6 0 8 8 0 5 * S6 0 0 4 5 3
7 5 o I X 8 0 0 0 10 2 5 7 5 9 . 8 1 5 1 0 652,3 0 7 4 5 3 0 0 7 7 7
1 8 00 * 5 4 0 0 0 *3 1 2 5 2 1 2 . 8 8 9 7 0 69 s'8 .0 9 6 8 4 0 1 x 9 8
8 So I 8 5 0 0 0 *5 8 8 2 6 1 6 . 7 9 2 1 0 7 3 9 3  , 1 1 9 6 7 0 1 7 1 9
9 o o 21 OOOO 18 0 8 8 6 1 9 .  9 8 49 0 7 8 2 7  - 1 3 8 1 4 0 2 3 1 9
9 5 ° 2 2 9 0 0 0 2 0 1 8 42 2 2 . 7 0 4 8 0 8 2 6 2 X 5 3 8 4 0 29  8 8
I 0 o o 2 4 OOOO 2 I 9 4 8 9 2 4 * 8 3 3 3 0 8 6 9  7 i 6 5 5 3 0 3 7 0 8
X o 5 0 2 4 2 0 0 0 2 3 0 5 1 9 2-5 * 7 7 9 4 0 9 1 3 2 - 1 7 0 7 8 0 4 4 5 1
X I o o 23 7 0 0 0 23 3 8 2 8 2 5 . 3 0 6 4 0 9 S 6 7 X 69 2 7 0 5 x 8 7
11 5 0 22 2 0 0 0 2 2 7 2 1 0 23  . 7 6 9 0 1 0 0 0 2  1 1 6 0 6 3 0 5 * 6 5
I 2 OO 2 0 3 0 0 0 2 I 2 8  71 2 X . 7 5 8 7 1 0 43 7 ■ 1 4 8 1 3 0 6 5 3 0
I 2 5 o l 8 2 0 0 0 1 9 6 3 2 7 *9 • 1 57  x 1 0 8 7 2 1 3 3 2 7 0 7 1 0 9
* 3 o o 1 5 7 0 0 0 x 7 5 3 7 1 * 5 *9 6 43 . 1 X 3 0 6 1 * 5 0 5 0 7 6 0 9
1 3 5 o *3 4 0 0 0 * 5 1 1 0 6 1 2 . 7 7 1 4 1 I 7 41 0 9 8 S 3 0 8 0 2 9
x 4 o o 11 5 0 0 0 I 2 4 6 3 5 x 0 • 6 4 2 9 1 21 7 6 6 8 0 9  2 . 0 8 3 8 1
1 4 5 o 9 7 0 0 0 I 0 1 4 7 3 8 . 9 8 7 3 1 2 6 1 1 0 6 7 4 3 0 8 6  7 4
* 5 0 0 8 OOOO 8 1 6 1 9 7 . 5 6 8 3 1 3 0 4 6 0 5 5 4 9 0 89  16
15 5 0 ... 5 6 0 0 0 : -6 5 0 7 5 6 . 5 0 4 0 1 3 4 81 0 4 S 8 6 . 0 9 i *5
i  6 0 0 5 4 0 0 0 : s 51 4 8 5 . 6 7 6 2 1 3 9 1 6 0 3 8 8 0 0 9 28  4
1 6 5 o . 4 3 0 0 0 4 6 3 2 4 4 . 6 1 x 9 1 4 3 5 0 0 3 1 6 7 0 9 4 2 1
17 0 0 3 5 0 0 0 . 3 9 7 0 7 3 * 5 4 7 6 1 4 7 8 5 0 2 5  77 0 9 5 3 3
*7 5 o . 2 8 0 0 0 3 3 0 8 9 3 * 0 7 4 6 1 5 2 2 Q 0 2 * 47 0 9 6 2 7
i  8 o o 2 OOOO 2 8 6  7 7 2 . 3 6 5 1 X S 6 5 5 0 I 69  x 0 9 7 0 0
i  8 5 0 r 6 0 0 0 2 4 2 6 5 1 . 8 9  21 1 6 0 9 0 0 * 3 8 4 0 9 7 6 1
*9 o o X 3 0 0 0 2 2 0 5 9 1 * 4 1 9 0 1 6 S 2 5  . 0 1 1 5 2 0 9 8 1 1
*9 5 o 1 OOOO 1 9 8 53 1 . 1 8 2 5 1 6 9 6 0 0 0 9 7 5 0 9 8 5 3
2 0 o o 0 8 0 0 0 1 6 5 4 4 0 . 9 4 6 0 1 7 3 9 4 0 0 7.9 5 0 9 8 8 8
2 o 5 o 0 7 0 0 0 1 3 2 3 6  . 0 * 8 2 7 8 1 7 8 2 9 0 0 6 6  7 0 9 9 1 7
2 X 0 0 0 6 0 0 0 1 1 0 3 0 0 . 7 0 9 5 X 8 2 6 4 0 0 5 6 4 0 9 9 4 1
2 I So 0 5 0 0 0 0 8 8 2 4 0 . 4 7 3 0 I 8 6 9 9 0 0 4 3 4  . 0 9 9 6 0
2 2 o o 0 4 0 0 0 0 6 6 l 8 0 . 3 5 4 8 I 9 1 3 4 0 0 3 3 1 0 9 9 7 42 2 5 o 0 3 0 0 0 0 4 4 1  2 0 . 2 3 6 5 X 9 5 6 9 0 0 2 2 9 0 9 9  8 4
23 o o 0 2 0 0 0 0 3 3 0 9 0 . 2 3 6 5 2 0 0 0 4 0 01 79 0 9 9 9 2
2 3 So 0 x o o o 0 2 2 0 6 0 . 1 1 8 3 2 0 4 3 8 0 0 1 0 3 0 9 9 9 7
2 4 o o 0 1 0 0 0 0 H 0 3  : 0 . 1 x 8 3 2 0 8 7 3 0 0 0 7 7 1 OOOO
2 4 .50 0 ©OOOO 0 OOOO 0 . . . 0 0 0 0 ,„2 1 3 0 8 0 OOOO 1 0 0 0 0
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o e OO 0 OOOO 0 , 0 0 0 0 0 OOOO ' 0 . 0 0 0 0 0 0 0 0 0 0 . 0 0 0 c
o 50 0 OOOO 0 • OOOO 0 OOOO 0 * 0 3 8 2 0 OOOO 0 . 0 0 0 0
I 0 0 0 OOOO 0 * 0 0 0 0 0 OOOO 0 . 0 7 6 4 0 OOOO 0 . 0 0 0 0
X 5 0  ' 0 OOOO 0 , 0 0 0 0 0 OOOO 0 . 1 x 4 6 0 OOOO 0 . 0 0 0 0
2 OO 0 OOOO 0 • o t o  0 0 OOOO 0 . 1 5 2 8 0 OOOO 0 . 0 0 0 0
2 5 0 0 OOOO . 0 . 0 0 0 0 0 OOOO 0 . 1 9 1 0 0 0 6 0 0 ' 0 . 0 0 0 0
3 0 0 0 OOOO 0 . 0 0 0 0 0 OOOO 0 • 2 2 9  2 0 OOOO 0 * 0 0 0 0
3 50 0 OOOO * 0  » OOOO 0 0 0 0 0 0 * 2 6 7 4 0 OOOO 0 . 0 0 0 0
4 0 0 .0 OOOO 0 . 0 0 0 0 0 0 0 0 0 0 . 3 0 5 6 0 OOOO 0 . 0 0 0 0
4 5 0 ’ 0 OOOO 0 * OOOO • 0 OOOO 0 *3 4 3 3 . 0 0 0 0 0 0 . 0 0 0 0
5 0 0 0 OOOO 0 • 11 7 4 0 2 3 1 5 0 . 3  8 2 0 0 0 0 6 2 0 . 0 0 0 2
5 So 0 2 0 0 0 0 * 7 0 4 4 0 8 1 0 2 0 . 4 2 0 2 0 0 3 0 7  '■ 0 . 0 0 1 4
6 0 0 1 OOOO 1 * 6 4 3 S z 5 4 6 S 0 . 4 5 8 4 0 09  28  >r 0 * 0 0 5 0
6 50 2 5 0 0 0 2 . 9 3 4 8 4 6 3 0 0 0 .  49 6 7 0 1 8 0 0  V 0 . 0 1 x 8
7 0 0 4 8 0 0 0 4 . 6 9 5 7 7 1 7 6 5 0 * 5 3 4 9 0 29 81 0 . 0 2 3  2
'7 5 ° 7 6 0 0 0 6 . 8 0 8 8 10 0 7 0 2 0 * 5 7 3 X• . 0 4 3 7 7 0 . 0 3 9 9
8 0 0 x 0 7 0 0 0 9 . 8 6 1 0 x 3 7 7 4 * 0 . 6 1 1  3 ;1 o 6 1 3 9 0 * 0 6 3  4
8 So >. 1 4 4 0 0 0 . 1 3 * 7 3 4 9 17 7 0 9 7 0 . 6 4 9 5  • 0 1 9 7 0 . 0 9  47
9 0 0 • 1 7 3 0 0 0 1 8 .  '5 4 8 0 21 4 X37 0 . 6 8 7 7 .  . 1 0 2 3 8 0 . 1 3 3 8
9 5 0 2 0 OOOO 2 2  * 8 9  I 5 2 4 7 7 0 4 0 . 7 2 5 9 1 2 0 9 7 0 • 1 8 0 0
I 0 0 0 2 2 1 0 0 0 26 .  4 1 3 3 2 7 2 0 1  I 0 . 7 6 4 1 ’ 1 3 5 3 7 . 0 . 2 3  18
I o So 2 4 OOOO 2 7 . 8 2 2 0 2 8 * 7 0 5 9 0 * 8 0 2 3 r 4 3 9 8  + 0 . 2 8 6 8
r i 0 0 * 5 6 0 0 0  • . 2 8 . 9 9 5 9 2 9  e 6 3 1 9 0 . 8  4 0 5 X 5 0 5 9 0 . 3 4 4 3
11 So 2 6 5 0 0 0 2 9 . 2 3 0 7 2 9  . 4 0 0  4 0 . 8 7 8  7 .1 5 * * 1 0 * 4 0 2 4
X 2 0 0 2 7 OOOO 3 8 . 9 9 5 9 2 8  « 1 2 7 1 0 . 9  1 69 1 5 0 4 1 0 * 4 5 9 9I 2 So 27 0 0 0 0 2 8 . 2 9 i 6 2 6  . 3 9 0 9 0 * 9 5 5 1 • 1 4 6 0 4 0 * 5 x 5 7
13 0 0 26 3 0 0 0 2 7 . 2 3 5 0 2 4 ®3 0 7 4 0 * 9 9 3 3 • 1 3 9 x 8 0 ♦ 5 6 8 9
13 5 0 2 5 2 0 0 0 * 5  • 5 9 1 5 2 2  * 4 5 5 4 1 . 0 3 1 5 1 3 0 9 6 0 . 6 1 8 9
x 4 0 0 *3 7 0 0 0 2 3 . 8 3 0 6 20 7 1 9 2 1 . 0 6 9  7 1 2 2 0 3 0 . 6 6 5 5
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2 4 5 b 22 OOOO 21 . 3 6 5 4 x 8 . 9 8 2 9 1 I O 7 9 I 11 47 0 7 0 8 1
1 5 0 0 2 0 2 0 0 0 1 8 . 6 6 5 4 1 7 . 2  4 6 7 1 I 4 6 1 1 0 0 3  2 0 7 4 8 4
1 5 5 b x 8 4 0 0 0 1 6 * 5 5 2 3 2 5 • 5 2 °  4 1 2 3 43 0 9 0 2 2 0 7 8 0 9
1 6 0 0 16 7 0 0 0 1 4 * 6 7 4 0 x 4 . 1 2 1 4 1 2 2 2 5 0 8 1 3 4  ■ 0 8 x“2 0
1 6 5 0 1 5 OOOO 1 3 * 1 4 7 9 1 2 * 7 3 2 4 1 2 6 0 7 0 7 3 0 9 0 8 3 9 9
17 0 0 13 2 0 0 0 x 1 • 6-318 1 1 . 4 5 9 2 X 2 9 8 9 0 6 4 8 7 0 8 6  47
17 5 0 I X 7 0 0 0 1 0 * 2 1 3 1 1 0 * 3 0 1 7 1 33 7 2 0 5 7 6 o 0 8 8 6  7
18 0 0 X 0 1 0 0 0 9 * 0 3 9 2 8 . 9 1 2 7 1 3 7 5 3 0 5 0 1 5 .0 9 0 5 9
I 8 5 o 9 OOOO 7 * 3 6 5 3 7 * 7 5 5 2 1 4 2 3 5 0 4 4 0 2 0 9 2 2 7
1 9 0 0 7 8 0 0 0 6 * 8 0 8 8 8 - 5 9 7 7 1 4 5 x 8 0 3 79 2 0 9 3 1 2
19 5 0 6 6 0 0 0 5 * 6 3 4 8 5 - 5 5 8 o 1 .49 0 0 0 3 1 8 1 ; 0 9 4 9 3
20 0 0 5 6 0 0 0 4 . 8 1 3 1 4 . 5 x 4 3 x 5 2 8 2  . 0 2 6 6 9 0 9 5 9 5
2 0 5 0 4 9 0 0 0 4 * 1 0 8 7 3 - 7 0 4 0 X 5 6 6 4 - 0 2 2 7 3 0 9 6 8 2
2 1 .00 ■ 4 2 0 0 0  . 3 « 4 0 4 4 2 . 7 7 8 0 1 6 0  46 .0 1 8 5 6 0 9 7 5 3
2 1 5 b • 3 5 0 0 0 . 2 • 7 0 0 0 1 * 9 6 7 7 1 6 4 2 8 • .0 x 4 6 0  . 0 9 8 0 9
2 2 0 0 • 3 OOOO 2 ® 9 9 5 7 I . 2 7 3 2 1 6 8 xo-.; ’0 1 1 2 1 0 9 8 5 1
2 2 5 b 2 5 0 0 0 1 * 4 0 8  7 0 *9 2 6 0 1 7 1 9  2.Y.1 ■ 0 0 8 6 4 0 9 8 8 4
2 3 0 0 • 1 9 0 0 0 2 * 1 7 3 9 0 * 8 1 0 2 X 7 5 7 4 ." ! ' 0 0 6 9 4 0 9 9  2 1
2 3 5 .0 ' •• 1 3 0 0 0 0 . 9 3 9  1 ■ 0 . 5 7 8 7 I 7 9 5 8 . ; ; 0 0 5 0 4 0 9 9 3 0
2 4 OO' 0 9 0 0 0 0 * 8 2 1 7 0 * 4 6 3 0 I 8 3 3 8  ‘ 0 0 3 9 1 0 9 9 4 5
2 4 5 0 0 8 0 0 0 0 * 7 0 4 4 Oo 3 4 7 2 I 8 7 2 0 0 0 33 2 0 9 9 5 8
2 5 0 0 0 7 0 0 0 . 0 * 5 8 7 0 o * 3 4 7 2 X 9 10  2 ■ • 0 0 2 9 2 0 9 9 8 9
2 5 50 0 6 0 0 0 0 • 4 6 9 6 0 . 2 3 1 5 I 9 4 8 4 0 0 2 3 3 0 9 9 7 8
2 6 0 0 0 5 0 0 0 0 . 3 5 2 2 0 * 2 3 x 5 I 9 8 6 6 0 0 1 9 4 0 9 9 8 5
2 6 5 b 0 4 0 0 0 0 . 2 3  48 0 * 2 3 x 5 2 0 2 4 8 0 0 1 5 5 0 9 9 9 1
27 0 0 0 3 0 0 0 0 * 1 1 7 4 0 * 1 x 5 7 2 0 6 3 0 0 o ° 9  5 0 9 9 9 5
2 7 5 b 0 2 0 0 0 0 . 1 x 7 4 0 . 1 x 5 7 2 1 0 1  2 0 0 0 7 7 0 9 9 9 8
28 0 0 0 x o o o 0 * 1 1 7 4 0 . 1 1 5 7 2 2 3 9 4 0 0 0 6 0 1 OOOO
28 60 0 0 0 0 0 0 * 0 0 0 0 0 . 0 0 0 0 2 1 7 7  6 0 0 0 0 0 1 OOOO
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0 0 0 0 a OOOO 0 . 0 0 0 0 “ 0 ; 0 0 0 0 ~"o 0 0 0 0  .... “’"o' OOOO ' 0 OOOO
0 So 0 .OOOO 0 .OOOO f 0 . 0 0 0 0 0 0 3 3 6 0 OOOO 0 0 0 0 0
i o o 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 0 6 7 3 0 OOOO -0 OOOO
X 5 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 1 0 0 9 0 OOOO 0 OOOO
2 o o 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 x 3 4 5 ■ 6 OOOO 0 OOOO
2 5 o 0 .OOOO 0 . 0 0 0 0 0 . 0 0 0 0 0 1 6 8 2 0 QOOO , . 0 OOOO
3 o o 0 .  OOOO 0 . 0 0 0 0 0 . 0 0 0 0 0 2 0 x 8 0 0 0 0 0 0 OOOO
3 5 ° o . o o o o 0 . 0 0 0 0 0 . 0 0 0 0 0 * 3 5 5 0 OOOO 0 OOOO
4 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 2 6 9  1 0 OOOO 0 OOOO
4 5 o O « OOOO 0 . 0 0 0 0 0 . OOOO 0 3 0 2 7 0 OOOO 0 OOOO
5* o o 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 3 3 6 4 0 OOOO 0 OOOO
5 5 o 0 .OOOO 0 . 0 0 0 0 0 . OOOO 0 3 7 0 0 0 OOOO 0 OOOO
6 0 0 0 * 3 0 0 0 0 . 0 0 0 0 0 • x 0 0 8 0 4 0 3 6 0 0 0 6 8 0 0 0 0 2
6 5 o 1 . 3 0 0 0 0 • 1 1 8 7 0 • 4 0 3  2 0 4 3 7 3 0. 0 3 0 8 0 0 0 x 3
7 o o 3 . x 0 0 0 o' .  7 1 2 3 I .  5 I 2 X 0 4 7 0 9 0 09  0 0 0 0 0 4 3
7 50 5 • 3 0 0 0 2 .  49 3 x 2 . 3 1 8 6 0 5 0 4 5 0 1 7 0 8 0 0 1 0 0
8 o o 8 . 0 0 0 0 4 . 7  4 8 8 5 . 7 4 6 0 0 5 3 8 2 0 3 1 * 5 0 0 2 0 58 50 1 1 . 6 0 0 0 7 * 9 . 543 8 . 9 7 1 9 0 5 7 1 8 0 4 8 1 9 ’ 0 0 3 6 8
9 o o 1 5 . 3 0 0 0 11 . 9 9 0 8 I 2 . 7 0 1 8 0 6 0 5 4 0 6 7 5 6 0 0 5 9 5
9 5 0 1 9 . X OOO 1 5 . 9 0 8 6 1 6 . X 2 9 2 0 6 3 9  X 0 8 6 3 9 0 0 8 8 5
x o o o 2 2 • 3 0 0 0 1 9 . 5 8 9 0 x 9 * 3 5 5 1 0 6 7 2 7 1 0 3 4 7 0 1 3 3 3
X 0 5 o 2 4 * 9 © © © 2 3 * 0 3 x 9 2 1 . 9 7 6 1 0 7 0 6 4 1 x 8 1 0 0 1 6 3 1
11 o o 2 7 . OOOO 2 6 . 5 9 3 5 2 4 . 2 9  47 0 7 4 0 0 1. 31 5 8 0 2 0 7 3
11 50 2 8 .  7 0 0.0 29  . 6 8 0 2 2 6  * 2 I 0 0 0 7 7  36 X 4 2 9 1 0 * 5 5 4I 2 0 0 29, .  7 0 0 0 3 1 . 8 x 7 2 2 7  * 8 2 2 9 0 8 0 7 3 1 5 0 9 3 • 0 3 0 6 2
I  2 5 0 3 0 . 3 0 0 0 3 2 . 8 8 5 7 2 8 . 8 3 1 0 0 8 4 0 9 X 5 5 4 5 0 3 5 8 4
13 o o 3 0 . 3 0 0 0 3 3 . 0 0 4 4 2 9 . 6 3 7 5 0 8 7 4 5  • I 5 7 0 2 0 4 x 1 3
x 3 5 o •29 . 8 0 0 0 3 2 . 4 1 0 8 2 9 - 5 3 6 7 0 9 0 8 2 I 5 5 o o 0 4 6 3  4
1 4 o o 2 8 • 7 0 0 0 3 1 . 1 0 4 9 2 8 . 8 3 1 0 0 9 4 1 8 I 49 7 4 0 5 1 3 8
* 4 50 2 7 , 1 0 0 0 2 8 . 8  4 9 2 2 7 . 6 2 1 3 0 9 7 5  4 I 41 1 8 0 5 6 x 3
*5 00 > 2 5 . 5 0 0 0 2 6  .  47 48 2 5 • 7 0 6 0 I 009X I 3 x 23 0 . 6 0 5 4
1 5 5 0 2 4 . 0 0 0 0 2 3 . 8 6 2 9 2 3 . 4 8 8 2 X 0 4 2 7 I 2 0 5 4 0 . 6 4 5 91 6 o o 2 2 . O O O O 2 1 . 2 5 1 0 2 X . 3 7  X 2 1 0 7  6 3 I 0 9 1 7 0 • 6 8 2 7
-  2 6 8  -
E x p e r i m e n t  2 2 . 6  ( C o n t ' d . )
Ti me
C o r r e c t e d  p h o t o c e l l  
d e f l e c t i o n  i . e .  o b s c u r a t i o n ^  
a r b i t r a r y  u n i t s
D i m e n -
s i o n r
l e s s
t i m e
C o n c e n t r a t i o n
N o r m. N o r m ,  j Cum.T r i a l
A
T r i a l
B
T r i a l  
C *
I 6 5 0 2 0 OOOO * 9 2 3 2 8 * 9 3 5 5 * ' X I 1 0 0 0 9 8 9 8 0 7 i  6 0
17 0 0 17 9 0 0 0 1 7 5 7 0 7 1 7 5 4 0 5 X * 4 3 6 0 8 9 5 6 0 7 4 6 1
i 7 5 o 1 5 7 0 0 0 16 1 4 6 0 1 6 1 2 9 2 1 * 7 7 3  * 0 8 x 0 5 0 7 7 3 3I 8 0 0 *3 8 0 0 0 * 4 8 4 0 1 * 4 7 1 7 9 x 2 1 0 9 0 7 3 2 5 0 7 9 8 0
x 8 5 o 1 2 0 0 0 0 * 3 7 7 1 6 *3 5 0 8 2 X 2 4 4 5 0 6 6 3 6 0 8 2  03
*9 0 0 1 0 7 0 0 0 1 2 5 S 4 4 x 2 8 0 2 6 X 2 7 8 2 0 6 0 9  7 0 8 4 0 8
*9 5 0 9 5 0 0 0 1 1 5 1 5 9 1 2 0 9 6 9 X 3 * * 8 0 3 5 9 4 0 8 5 9 62 0 0 0 8 8 0 0 0 10 5 6 6 2 I x 0 8 8 8 X 3 4 5 4 0 - 5 1 4 5 0 8 7 6 92  O 5 o 7 9 0 0 0 9 3 7 9 0 1 0 1 8 1 6 I 3 7 9 * 0 4 6 3 9 0 89 2 521 0 0 7 OOOO' 8 4 2 9 2 9 2 7 4 3 I 4 * 2 7 0 4 1 7 3 0 9 0 6 62 I 5 0 6 2 0 0 0 7 4 7 9 4 8 7 7 0 3 I 4 4 6 3 0 3 7 9 3 0 9 * 9 32 2 0 0 5 4 0 0 0 6 5 2  9 7 7 7 6 2 2 I 4 8 0 0 0 3 3 3 7 0 9 3 ° 52 2 5 0 4 9 0 0 0 5 6 9 8 6 7 ° 5 e 5 I 5 1 3 6 0 2 9 8 3 0 9 4 °  5
3 3 0 0 4 4 0 0 0 4 9 8 6 3 6 3 5 ° 9 X 3 4 7 3 0 2 6 3 9 0 9 49 5
2 3 5 o 4 OOOO 4 * 5 5 2 5 8 4 6 8 I 5 8 0 9 0 2 3 6 6 0 9 5 7 42 4 0 0 3 6 0 0 0 3 4 4 2 9 5 1 4 x 2 I 6 1 4 5 0 2 0 5 8 0 9 6 4 42 4 5 o 3 2 0 0 0 2 7 3 0 6 4 4 3 5 5 I 6 4 8 2 0 1 7 5 * 0 9 7 0 3
2 5 0 0 2 9 0 0 0 2 0 1 8 3 3 9 3 * 5 I 6 8 1 8 / 0 * 49 5 0 9 7 5 3
2 5 5 o 2 6 0 0 0  • 1 6 6 2 1 3 5 2 8 3 I 7 * 5 4 0 1 3 1 6 0
^  « V V
9 79  72 6 0 0 2 3 0 0 0 1 4 2 4 7 3 0 2  42 I 7 4 9 * 0 x 1 4 0 0 9 8 3 626 5 o 1 9 0 0 0 1 3 0 5 9 2 6 2 1 0 I 7 8 2 7 0 0 9 8  4 . 0 9 8 6 9
27 0 0 1 6 0 0 0 1 1 8 7 2 2 x 1 7 0 I 8 1 6 3 0 0 8 2 9 0 9 8 9 6
27 5 0 1 3 0 0 0 1 0 6 8 5 1 8 1 4 5 I 8 5 0 0 0 0 7 0 7 0 9 9 2 0
2 8 0 0 X 2 0 0 0 0 9 4 9 8 X 4 1 1 3 I 8 8 3 6 . 0 0 6 0 2 0 9 9  4 *28 5 0 1 OOOO 0 8 3 1 0 X 0 0 8 1 X 9 * 7.2 0 0 4 8 0 0 9 9  5729 0 0 0 8 0 0 0 0 7 1 2 3 ■ 0 8 0 6 5 I 9509 0 0 3 9 2 0 9 9 7 0
29 5 0 0 6 0 0 0 0 5 9 3 6 0 6 0 4 8 I 9 8 45  . 0 0 3 0 4 0 9 9 8 0
30 0 0 0 400.0 0 4 7 4 9 0 4 0 3 2 2 0 1 8 2 0 0 2 1 6 0 9 9 8 7
3 0 5 0 0 3 0 0 0 0 3 5 6 2 0 3 0 2 4 2 0 5 X 8 ' 0 0 1 6 2 0 9 9 9 3
31 0 0 0 2 0 0 0 0 2 3 7 4 0 2 0 1 6 2 0 8 5 4  . 0 0 1 0  8 0 9 9 9 6
3 * S o 0 I  OOO 0 1 x 8 7 0 1 0 0 8 2 1X9 I 0 0 0  5 4 0 9 9 9 8
3 2 0 0 0 x 0 0 0 0 x 1 8 7 0 x 0 0 8 ' 2 I  5 2 7 0 0 0 5 4 1 OOOO
3 3 50 0 OOOO 0 0 0 0 0 0 0 0 0 0 2 I 8 6 3 * 0 0 0 0 0 1 OOOO
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E x p e r i m e n t  2 2 . 7
Ti me
C o r r e c t e d  p h o t o c e l l  
d e f l e c t i o n  i . e .  o b s c u r a t i o n ,  
a r b i t r a r y  u n i t s
D i m e n -  , 
s i o n -  
l e s s  
t i m e
C o n c e n t r a t i o n
No r m. N o r m .Cum.T r i a l
A
T r i a l  
B '
T r i a l
C
0 0 0 0 OOOO 0 OOOO 0 0 0 0 0 0 OOOO 0 • OOOO 0 OOOO
0 5 0 0 OOOO 0 0 0 0 0 0 0 0 0 0 0 0 2 7 8 • 0 * 0 0 0 0 0 OOOO
I 0 0 0 OOOO 0 0 0 0 0 0 OOOO 0 0 5 5 7 0 • OOOO 0 OOOO
I 5 0 0 OOOO 0 OOOO 0 OOOO 0 0 8 3 s 0 • OOOO. 0 OOOO
2 0 0 0 OOOO 0 OOOO 0 OOOO 0 1 1 1  4 0 • OOOO 0 OOOO
2 5 o 0 OOOO 0 OOOO 0 OOOO 0 x 39  2 0 • OOOO 0 OOOO
3 0 0 0 OOOO 0 OOOO 0 OOOO 0 1 6 7 1 0 . 0 0 0 0 0 OOOO
3 5 0 0 OOOO 0 OOOO 0 OOOO 0 1 9 4 9 0 • OOOO 0 OOOO
4 0 0 0 OOOO 0 OOOO 0 OOOO 0 2 2 2 8 0 • OOOO 0 OOOO
4 5 0 0 OOOO 0 0 0 0 6 0 OOOO 0 2 5 0 6 0 • OOOO 0 OOOO
5 0 0 0 OOOO 0 OOOO 0 OOOO 0 2 7  8 5 0 • OOOO 0 OOOO
5 5 0 0 OOOO 0 OOOO 0 OOOO 0 3 0 6 3 0 • OOOO 0 OOOO
6 0 0 0 OOOO 0 OOOO 0 OOOO 0 3 3 4 2 ‘ 0 • OOOO 0 OOOO
6 50 0 OOOO 0 OOOO 0 OOOO 0 3 6 2 0 0 • OOOO 0 OOOO
7 0 0 0 OOOO 0 X 0 7 0 0 OOOO 0 3 8 9 9 0 • 0 0 2 7 0 0 0 0  1
7 So 0 IOOO 0 3 2 1 0 0 0 7  £ 5 0 4 X7 7 0 • 0 1 2 3 0 0 0 0 4
8 0 0 0 5 0 0 0 0 5 3 5 O 0 4 3 4 7 0 4 4 5 6 . 0 . 0 3 6 7 0 0 0 1 4
1 8 5 0 I 3 0 0 0 1 0 7 0 0 1 1 59  3 0 4 7 3 4 0 • 0 8 8 0 0 0 0 3 9
9 0 0 2 3 0 0 0 1 9 2 6 0 2 2 4 6 1 0 5 0 1 3 0 • 1 6 1 5 0 0 0 8 4
9 5 0 3 5 0 0 0 3 3 1 7 1 3 6 2 2 8 0 5 2 9 1 0 • 2 6 0 4 0 0 1 5 6
10 0 0 ' 5 4 0 0 0 5 0 2 9 1 5 1 4 4 3 0 5 5 ‘7 o 0 . 3 8 8 5 0 0 2 6 5
10 5 o 7 3 0 0 0 6 9 5 5 2 6 8 8 3 3 0 5 8 4 8 0 • 5 2 73 0 0 4 1 1
1 1 0 0 9 4 0 0 0 9 2 0 2 2 8 8 3 9 6 0 6 1 2 7 0 • 6 8  46 0 0 6 0 2
11 5 ° 1 2 4 0 0 0 .1 X 5 5 8 3 10 79 59 0 6 4 0 5 0 . 8 6 6 9 0 0 8  4 4
x 2 0 0 1 4 9 0 0 0 1 4 2 3 1 4 1 2 3 8 9 9 0 6 6 8 4 1 . 0 3 5 8 0 1 1 3 2
1 2 5 0 17 2 0 0 0 1 6 3 7 1 4 13 8 3 9 0 0 6 9 6 2 1 • 1 8 2 7 0 I 46 x
x 3 0 0 1 9 OOOO 18 0 8 3 5 15 0 7 0 7 0 7 2 4 1 1 . 3 0 1 0 0 1 8 2 4
2 3 5 o 2 0 7 0 0 0 1 9 5 8 x  5 x 5 5 0 5 5 0 7 5 X9 1 . 3 9 1 7 0 2 2 1  I
1 4 0 0 21 8 0 0 0 2 0 7 5 8 5 17 2 4 4 4 0 7 7 9 8 1 . 4 9 1 8 0 2 6 2 7
1 4 So 2 2 7 0 0 0 21 4 0 0 5 x 8 2 5 8 8 0 8 0 7 6 1 • 5 5 5 6 0 3 0 6 0
15 0 0 2 2 8 0 0 0 2 2 0 4 2 6 18 8 3 8 4 0 8 3 5 5 1 . 5 8  8 6 0 3 5 ° 2
1 5 5 o 2 2 3 0 0 0 2 2 2 5 6 6 2 9 0 5 5 8 0 8 6 3 3 1 . 5 8 6 9 0 3 9 4 4
16 0 0 21 5 0 0 0 22 1 4 9 8 . 19 1 2 8 2 0 8 9 x 2 1 . 5 6 6 1 0 4 3 8 0
1 6 5 o 2 0 5 0 0 0 21 5 0 7 5 1 8 9 1 0 9 0 9 1 9 0 1 • 5 1 9 7 0 4 8 0  4
17 0 0 *9 3 0 0 0 2 0 3 3 0 5 1 8 4 0 3 7 0 9 4 6 9 1 ♦ 4 4 7 7 0 5 2 0 7
17 5 o 18 2 0 0 0 18 9 3 9 5 1 7 7 5 x 6 0 9 7 4 7 X• 3 8 9 3 0 5 5 8 8
1 8 0 0 x 7 OOOO 1 7 4 4 1 4 16 9 5  46 1 0 0 2 6 1 • 2 8 2 X 0 5 9 4 5
18 5 o 1 5 9 0 0 0 1 5 5 1 5 4 16 2 3 0 0 1 0 3 0 4 1 . 1 8 8 6 0 6 2  76
X9 0 0  , 1 4 9 0 0 0 1 3 9 1 0 3 x 5 3 6  0 6 X 0 5 8 3 • I 0 1 9 0 8 3 8 3
t
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E x p e r i m e n t  2 2 . 7  ( C o n t ’ d . )
Ti me
C o r r e c t e d  * p h o t o c e l l  
d e f l e c t i o n  i . e .  o b s c u r a t i o n ,  
a r b i t r a r y  u n i t s
D i m e n ­
s i o n ­
l e s s
t i m e
C o n c e n t r a t i o n
N o r m . N o r m.
Cum,T r i a l
A
T r i a l
B
T r i a l
C ■
1 9 5 ° * 4 OOOO X 2 7 3 3 3 1 4 49 11 1 0 8 6 1 1 0 2 8 4 0 6 8 7 0
2 0 0 0 *3 2 0 0 0 I I 7 7 0 3 13 6 2 1 6 1 I x 4 0 0 9 6 2 7 0 7 1 3 8
2 0 5 0 1 2 4 0 0 0 I O 9 * 43 12 8 2 4 6 1 1 4 1 8 0 9 0 1  5 0 7 3 6 9
2 I 0 0 11 6 0 0 0 10 0 5 8 3 1 2 1 7 2 5 1 i 6 9 7 0 8 4 3 9 0 7 6 2  4
2 X 5 ° 10 9 0 0 0 9 2 0 2 2 I X 4 4 8 0 X 1 9 7 5 0 7 8 7 1 0 7 8 4 3
2 2 0 0 1 0 3 0 0 0 8 4 5 3 2 1 0 6 5 1 0 1 3 2 5 4 0 7 3 3 5 0 8 0 4 7
2 2 5 ° 9 5 0 0 0 7 9 1 8 2 9 8 5 3 9 1 2 S 3 2 0 6 8 0 3 0 8 2 3 7
23 0 0 8 7 0 0 0 7 2 7  6 2 9 2 7 4 3 1 2 8 l l 0 6 2 9 9 0 8 4 x 2
23 5 ° 7 8 0 0 0 6 8 4 8 2 8 6 9 47 1 3 0 8 9 0 5 8 2 3 0 8 5 7  4
2 4 0 0 7 OOOO 6 4 2 0 2 8 0 4 2 6 1 3 3 6 8 0 5 3 5 4 0 8 7 2 3
2 4 5 ° 6 2 0 0 0 6 0 9 9  2 7 4 6 2 9 1 3 6 4 6 0 49 3 o 0 8 8 6 1
25 0 0 5 4 0 0 0 5 5 6 4 1 7 I 73  1 1 3 9 2 5 0 4 5 2 5 0 8 9 8 7
25 5 o 4 7 0 0 0 5 0 2 9 1 6 5 9 3 4 I 4 2 0 3 0 4 0 7 2 0 9 x 0 0
2 6 0 0 4 OOOO 4 * 7 3 * 6 0 1 3 8 1 4 4 8 2 0 3 5 3 9 0 9 * 9 92 6 5 o 3 4 0 0 0 3 7 4 5 * 5 5 7 9 * X 4 7 6 0 0 3 * 7 4 0 9 2 8 7
2 7 0 0 2 8 0 0 0 3 5 3 ** 5 * 4 4 3 X S ° 3  9 0 2 8 6 3 0 9 3 6 7
2 7 5 ° 2 5 0 0 0 3 21 01 4 7 0 9 6 X 5 3 * 7 0 2 5 9 9 0 9 4 3 92 8 0 0 2 2 0 0 0 3 1 0 3  X 4 2 7 4 9 I 5 59 6 0 2 3 8 9 0 9 5 0 6
28 5 o 1 8 0 0 0 2 9 9 6 1 3 8 4 0 1 X 5 8 7 4 0 2 * 5 4 0 9 5 6 6
29 0 0 1 5 0 0 0 2 8 8 9 1 3 4 7 7 9 I 6 * 5 3 0 1 9 6 2 0 9 6 2 0
29 5 ° 1 4 0 0 0 2 7 8 2 1 3 1 x 5 6 I 6 4 3 1 0 1 8 2 0 0 9 6 7 1
3 ° 0 0 X 1 0 0 0 2 6 7 S i 2 8 2 5 8 I 6 7 1 0 0 1 6 4 7 0 9 7 * 7
3 0 5 0 X OOOO 2 4 6 1  X 2 5 3 5 9 I 6 9 8 8 0 1 4 9 6 0 9 7 5 9
31 0 0 0 9 0 0 0 2 2 4 7 1 2 2 4 6 1 I 7 2 6 7 0 1 3 4 5 0 9.79 6
31 5 o 0 8 0 0 0 2 0 3 3 1 2 0 2 8 8 I 7 5 4 5 0 * 2 1 3  • 0 9 8 3 0
32 0 0 0 7 0 0 0 1 8 1 9 0 1 8 1 1 4 I 7 8 2 4 0 1 0 8 0 0 9 8 6 0
3 2 5 ° ' 0 6 0 0 0 1 6 0 5 0 1 5 9 4 0 I 8 1 0 2 0 09 48 0 9 8 86
33 0 0 0 5 0 0 0 1 3 9 1 0 1 3 0 4 2 I 8 3 8 1 0 0 7 9 7 ' 0 9 9 0 9
33 5 ° 0 4 0 0 0 1 1 7 7 0 1 0 8 6 8 I 8 6 59 0 0 6 6 5 0 9 9 2 7
3 4 0 0 0 3 0 0 0 1 0 7 0 0 0 9 4 * 9 I 89  38 0 0 5 7 7 0 9 9 4 3
3 4 5 o 0 3 0 0 0 0 9 6 3 0 0 7 9 7 0 I 9 2 1 6 0 ° 5  * 4 0 9 9 5 7
35 0 0 0 2 0 0 0 0 8 5 6 0 0 -6521 I 9 49 5 0 0 4 2 6 0 9 9 6 9
3 5 5 o 0 2 0 0 0 0 6 4 2 0 0 5 0 7 2 I 9 7 7 3 . 0 0 3 3 7 0 9 9 7 9
36 0 0 0 2 0 0 0 0 5 3 5 0 0 3 6 2 3 2 0 0 5 2 0 0 2 7 4 0 9 9 8 6
36 5 °  ! 0 x o o o 0 4 2 8 0 0 2 1 7 4 2 0 3 3 0 0 0 1 8 6 0 9 9 9 *
37 0 0 0 1 0 0 0 0 3 2 1 0 0 * 4 4 9 2 0 6 0 9 0 0 x 4 1 0 9 9 9 5
3 7 5 ° 0 1 0 0 0 0 2 1  40 0 0 7  25 2 0 8 8  7 0 0 0 9 6 . 0 9 9 9 8
3 8 0 0 0 1 0 0 0 • 0 1 0 7 0 0 0 7 2 5 2 1 1 6 6  . 0 0 0 7 0 I OOOO
38 5 o 0 OOOO 0 OOOO 0 OOOO 2 * 4 4 4  , 0 0 0 0 0 1 OOOO
j
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Experiment 2 2 . 8
T i m e
C o r r e c t e d  p h o t o c e l l  
d e f l e c t i o n  i . e .  o b s c u r a t i o n ,  
a r b i t r a r y  u n i t s
D i m e n -  • 
s i o n -  
l e s s  
t i m e
C o n c e n t r a t i o n
N o r m . N o r m . • 
C u m .T r i a l
A
' T r i a l  
B
T r i a l
C
0 OO 0 OOOO 0 OOOO 0 0000 0 OOOO 0 OOOO 0 OOOO
0 5 0 0 OOOO 0 OOOO 0 0000 0 02 1 3 0 OOOO 0 OOOO
1 OO . 0 OOOO 0 OOOO 0 0000 0 O 424 0 OOOO 0 OOOO
1 5 0 0 OOOO 0 OOOO 0 0000 0 0 636 0 OOOO 0 OOOO
2 OO 0 OOOO 0 OOOO 0 OOOO 0 08 48 0 OOOO 0 OOOO
2 5 0 0 OOOO 0 OOOO 0 OOOO 0 I 060 0 OOOO 0 OOOO
3 00 0 OOOO 0 OOOO 0 OOOO 0 1 2 7 2 0 OOOO 0 OOOO
3 50 0 OOOO 0 OOOO • 0 OOOO 0 1 4 8 4 0 OOOO 0 OOOO
4 00 0 OOOO 0 OOOO 0 OOOO 0 1 696 0 OOOO 0 OOOO
4 50 0 OOOO 0 OOOO 0 OOOO 0 1 909 0 OOOO 0 OOOO
5 00 0 OOOO 0 OOOO 0 OOOO 0 3 I 2 1 0 OOOO 0 OOOO
5 50 0 OOOO 0 OOOO 0 OOOO 0 2 3 3 3 0 OOOO 0 OOOO6 00 0 OOOO 0 OOOO 0 OOOO 0 2 5 4 5 0 OOOO 0 OOOO6 50 0 OOOO 0 OOOO 0 OOOO 0 2 7 5 7 0 OOOO 0 OOOO
7 00 0 OOOO 0 OOOO 0 OOOO 0 2969 0 OOOO 0 OOOO
7 50 0 OOOO 0 OOOO 0 OOOO 0 3 * S i 0 OOOO 0 OOOO
8 00 0 OOOO 0 OOOO 0 OOOO 0 3 3  9 3 0 OOOO 0 OOOO
8 50 0 OOOO 0 OOOO 0 OOOO 0 3 6 o 5 0 OOOO 0 OOOO
9 00 0 OOOO 0 OOOO 0 OOOO 0 3 S 1 7 0 OOOO 0 OOOO
9 50 0 OOOO 0 OOOO 0 OOOO 0 4029 0 OOOO 0 OOOO
1 0 00 0 OOOO 0 1 5 3 8 0 OOOO 0 4241 0 0027 0 000  1
x 0 5 0 0 1 0 0 0 0 4 6 1 3 0 3702 0 4 4 5 3 0 0 1 6 5 0 000  4
1 1 00 0 7000 1 0765 0 9 8 7 3 0 4665 0 0 49 0 0 0 0 1 4
1 1 50 1 4000 1 69 1 6 I 4809 0 4877 0 08 X X 0 0032
1 2 00 2 3000 2 6 1 4 3 2 7 1 5 0 0 5089 0 1 3 5 2 0 006 0
X 2 50 • 3 6000 3 6907 4 4428 0 5 3 0 1 0 2080 0 0 1 0 4
1 3 00 ■ 5 OOOO 4 9 2 x 0 6 2939 • 0 5 5 1 4 0. 2 8 7 4 0 0 1 6 5
1 3 50 6 7000 6 1 5 1 2 8 3 9 * 9 0 5 7 2 6  ■ 0 37 66 0 0245
x 4 00 ; 8 6 000 7 6890 x 1 1 069 0 5938 0 4S 57 0 0348
Z 4 50 X 0 5000 8 9 * 9 3 * 3 69 85 0 6 1 5 0 0 5 S 7 * 0 0473
1 5 00 1 2 ‘5000 1 0 4 5 7 1 16 4 * 3  5 0 6362 0 6979 0 06 2 I
1 5 50 1 4 5000 1 2 1 487 * 9 0 0 5 1 0 6 S 7 4 0 8093 0 0792
l 6 00 16 5000 1 3 6865 21 5967 0 6786 0 9 * So. 0 0987
l 6 5 0 1 8 4000 1 5 6856 ' * 3 9 4 * 5 0 6998 X 028  7 0 X 205
1 7 0 0 20 3000 1 8 4 5 3 7 * 5 9 1 6 1 0 7 2 1 0 x 1 4 6 4 0 1 4 48
1 7 50 21 9 000 20 9 I 42 27 5204 0 7 4 2 2 1 2 469 0 1 7 1 3
l 8 00 * 3 3000 * 3 5 * 8 5 29 0 0 1 3 0 7 6 3 4 1 3 4 4 3 0 1 998
l 8 50 24 6000 26 1 4 2 7 30 2 3 5 4 0 78 46 1 43  5 5 0 23 02
19 00 * 5 8000 28 9 1 0 8 3 * 2 2 2 7 0 8058 1 5 2 3  4 0 2625
19 50 26 7000 3 1 9 86 4 3 * 0866 0 8270 1 6 09 2 0 2966
20 00 27 4000 3 4 2 9 3 1 3 2 8270 0 8 482 1 6756 0 3 3 2 2
20 50 28 OOOO 3 5 8309 3 3 3 207 0 869 4 1 7 2 2 3 0 3687
2 I 00 28 2000 36 7 5 3 6 3 3 * 9 7 3 0 89 06 - 1 7 400 0 4056
2 1 5 ° 28 3000 36 9 0 7 4 3 2 8270 0 9 * * 9 1 7 3 7 9 0 442522 00 28 3000 36 2923 3 * 7 x 63 0 9 3 3 * X 7 0 7 3 0 478722 50 27 9 000 3 4 9082 3 0 2 3 5 4 0 9 5 4 3 I 6 4 9  4 0 5 1 3 6
* 3 00 27 3000 3 * 6 0 1 5 28 - 3843 0 9 7 5 5 I 565  * 0 5 468
* 3 50 26 8000 3 0 29 48 26 2863 0 9967 I 4 7  8 1 0 _£2 -8 3 .
-  2 7 2  -
E x p e r i m e n t  2 2 . 8  ( C o n t ' d . )
Ti me
C o r r e c t e d  p h o t o c e l l  
d e f l e c t i o n  i . e .  o b s c u r a t i o n  
a r b i t r a r y  u n i t s
D i m e n ­
s i o n ­
l e s s
t i m e
C o n c e n t r a t i o n
T r i a l
A
T r i a l
B
T r i a l
C
N o r m. N o r m .Cum.
3 4 0 0 26 OOOO 2 8 1 4 1 9 2 4 1 8 8 3  ' 1’ . 0 X79 1 3 8 8 6 0 6 0 7 6
3 4 So 2 5 3 0 0 0 26 I 4 2 7 2 2 5 8 4 0 2 • 0 3 9 I 1 3 1 2 3 0 8 3 5 4
3 5 0 0 2 4 5 0 0 0 2 4 2 9 7 4 2 0 9 7 9 7 X. 0 6 0 3 1 2 3  7 0 0 6 6 1 7
2 5 So 23 7 0 0 0 22 6 0 5 8 1 9 7 4 5 6 I • o 8 l  5 1 1 7 0 9 0 6 8 6 5
36 0 0 2 2 7 0 0 0 21 0 6 8 0 x 8 6 3 4 9 I • 1 0 2 7 1 1 0 6 2 0 7 1 0 0
36 5 o 21 6 0 0 0 1 9 5 3 0 2 17 4 0 0 8 I • I 2 3 9 I 03  76 0 7 3 2 0
2 7 0 0 2 0 5 0 0 0 18 1 46 x 16 2 9 0 1 X♦ x 45  X 0 9 7 3 9 0 7 5 2 62 7 5 b 2 9 2 0 0 0 16 9 X59 * 4 192X X* 1 6 6 3 0 8 9 1 8 0 7 7 1 528 0 0 17 8 0 0 0 1 5 6 8 5 6 13 5 7 5  x I . 1 8 7 5 0 8 3  43 0 7 8 9 238 5 b 16 5 0 0 0 1 4 6 0 9 2 12 5 8 7 8 I • 2 0 8 7 0 7 7 46 0 8 0 5 6
29 0 0 x 5 2 0 0 0 13 8 4 0 3 11 7 2 3 9 I • 2 2 9 9 0 7 2 2 6 0 8 2 1 0
29 5 b 1 4 2 0 0 0 13 0 7 1 4 11 2 3 0 3 I • 2 5 1 1 0 6 8 2 5 0 8 3 5 4
3 0 0 0 13 2 0 0 0 x 2 3 0 2 $ 1 0 7 3 6 7 I . 2 7 2 4 0 6 42  4 0 8 49 x
3 0 5 o 1 2 3 0 0 0 x I 6 8 7 3 10 1 1 9 6 I • 2 9 3 6 0 6 0 46 0 8 6 1 9
3 i 0 0 x 1 6 0 0 0 x 0 9 x 8 4 9 7 4 9 4 I . 3 1 4 8 • 0 5 7 2 0 0 8 7 4 0
3 1 5 b 1 0 9 0 0 0 9 9 9 5 8 9 2 5 5 7 I • 3 3 6 0 0 5 3 4 5 0 8 8 5 432 0 0 1 0 OOOO 9 2 2 6 8 8 6 3 8 7 I . 3 5 7 2 0 49 4 b 0 8 9 5 8
32 5 0 9 5 0 0 0 8 3 0 4 2 8 0 2 x 6 I • 3 7 8 4 0 4 5 7 8 0 9 0 5 5
33 0 0 8 9 0 0 0 7 6 8 9 0 7 5 2 8 0 X • 3 9 9 8 0 4 2 7 5 0 9 1 4 6
3 3 5 b 8 3 0 0 0 7 2 2  77 7 ° 3  4 4 I . 4 2 0 8 0 4 0 0 0 0 9 2 3 1
3 4 0 0 7 7 0 0 0 6 6 1 2 6 6 5 4 b 7 I • 4 4 2 0 0 3 6 9 7 0 9 3 0 9
3 4 5 b < 7 2 0 0 0 6 1 5 1 2 5 9 2 3 7 I . 4 6 3 3 0 3 4 X7 0 9 3 8 2
35 oo- 6 7 0 0 0 5 6 8 9 9 5 4 3 ° o I . 4 8 4 4 0 3 X59 0 9 4 4 9
3 5 5 b 6 2 0 0 0 5 2 2 8 5 4 9 3 6 4 X• 5 ° 5 6 0 29 01 0 9 5 x 0
36 0 0 5 8 0 0 0 4 7 6 7 2 4 5 6 6 2 X•  5 2 6 8 0 2 6 8 3 0 9 5 6 73 6 5 0 5 3 0 0 0 4 3 0 5 9 4 0 7 2 5 I . 5 4 8 0 0 2 4 2 5 0 9 6 1 9
37 0 0 4 8 0 0 0 3 6 9 0 7 3 7 0 2 3 I . 5 6 9 2 0 2 1 6 2 0 9 6 6 4
3 7 5 o 4 3 0 0 0 3 2 2 9  4 3 3 3 2 1 X. 5 9 0 4 0 1 9 2 5 0 9 7 0 5
38 0 0 4 OOOO 2 7 6 8 1 . 2 8 3 8 4 x * 6 1 1 6 0 1 7 0 3  ' 0 9 7 4 1
38 So 3 7 0 0 0 2 4 6 0 5 2 4 6 8 a  1 I • 6 3 2 9 0 1 5 3 0 0 9 7 7 4
3 9 0 0 3 3 0 0 0 2 1 5 2 9 2 0 9 8 0 I . 6 5 4 1 0 1 3 3 9 0 9 8 0 2
3 9 5 b 3 XOOO I 8 4 5 4 1 8 5 1 1 I • 6 7 5 3 0 1 2 0 5 0 9 8 2 8
4 0 0 0 2 9 0 0 0  • 1 5 3 7 s 1 6 0 4 3 X• 6 9 6 5 0 1 0 7 1 0 9 8 5 0
4 0 5 b 2 7 0 0 0 1 3 8  40 1 23  41 I * 7 X7 7 0 ° 9  43 0 9 8 7 041 0 0 2 4 0 0 0 . 1 2 3 0 2 1 x 1 0 7 X * 7 3 8 9 0 0 8  40 0 9 8 8 8
4 * 5 o 2 3 0 0 0 .1 0 7  6 5 0 9 8 73 I • 7 6 0 1 0 b 77  4 0 9 9  °  542 0 0 2 2 0 0 0 0 9 2 2 7 0 8 6 3 9 I * 7 8 1 3 0 0 7 0 7 0 9 9 2 0
42 5 b 2 I OOO 0 7 6 8 9 0 7 4 0 5 I • 8 0 2 5 0 0 6  40 0 9 9  33
43 OO 2 OOOO 0 6x 5 r 0 6 1 7 0 I • 8 2 3 7 0 °  57  3 0 9 9 . 4 5
43 5 b 1 8 0 0 0 0 4 6 1 3 0 4 9 3 6 I • 8 4 4 9 0 0 4  8 8 0 9 9  5 6
4 4 0 0 X 6 0 0 0  . 0 3 0 7 6 0 3 7 0 2 I . 8 6 6 1 0 0 4 0 4 0 9 9 6 4
4 4 5 b 1 4 0 0 0 0 3 0 7 6 0 2 4 6 8 I • 8 8 7 3 0 0 3 4 6 0 9 9 7 2
45 0 0 X 2 0 0 0 0 1 5 3 8 0 2 4 6 8 I *9 ° 8  5 0 0 2 8 4 0 9 9 7 8
45 5 ° I XOOO 0 X5 3 8 0 2 4 6 8 X. 9  29 7 0 0 2 6 6 0 9 9 8 346 0 0 I OOOO 0 X5 3 8 0 I 2 3 4 I . 9 5 0 9 0 0 2 2 6 0 9 9 8 8
46 5 b 0 8 0 0 0
s
0 X5 3 8 0 1 2 3 4 I ®9 7 2 i 0 0 x 9 1 0 9 9 9 2
4 7 0 0 0 0 0 0 0 0 OOOO 0 1 2 3 4 I • 9 9 3 4 0 01  2 8 0 9 9 9 5
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8 5 0 2 0 9 0 0 0 23 3 7 9 0 2 2 . 6 x 9 4 i 0 9 2 8 1 0 9 3 3 3 0 * 6 6 7 7
9 00 19 OOOO £9 9 3 7 6 2 0 . 8 1 3 7 0 9 8 2 7 0 8 46  2 0 . 7 1 3 9
9 50 1 7 3 0 0 0 £7 6 9 9 7 1 9 . 0 0 7 9 I 0 3 7 3 0 7 6 4 9 0 * 7 5 5 7
I o o o 1 5 9 0 0 0 £5 2 5 8 4 1 7 . 2 0 2 2 I 0 9 1 9 0 6 8  49 0 . 7 9 3 1
I o 50 £ 4 4 0 0 0 £3 2 2 3 9 £ 5 * 3 9 0 4 I £ 4 6 5 0 6 0 9 3 0 .  8 2 6 3
11 0 0 1 2 9 0 0 0 11 3 9 2 9 £ 3 • 5 9  ° 7 I 2 o n 0 5 3 ^ 5 0 . 8 5 5 6
11 5 o 11 4 0 0 0 9 7 6 5 4 1 1 . 8 8 0 0 I 3 5 5 7 0 4 6 8 0 0 . 8 8  1 2
I 2 o o 1 0 OOOO 8 2 3 9 5 1 0 . 2 6 4 3 I 3 x 0 3 0 4 ° 3 7 0 . 9  03  2
I 2 So 9 OOOO 7 O I 8 9 8 . 7 4 3 7 I 3 6 4 9 0 3 5 ° 7 0 . 9 2 2 4
£3 o o 7 9 0 0 0 5 7 9 8 2 7 * 3 x 8 i I 4 £ 9 5 0 2 9 7 6 0 . 9 3 8 6
1 3 5 o 6 9 0 0 0 • 4 7 8 1 0 5 • 9 8 7 5 I 4 7 4 £ 0 2 5 0 2 0 . 9 5 2 3
1 4 o o 5 9 0 0 0 3 96  72 5 * ° 3 7 £ I 5 2 8 7 0 2 1 1 1 0 . 9 6 3 8
1 4 5 o 4 9 0 0 0 3 £ 5 3 4 4 . 0 8 6 7 I 5 S 3  3, 0 1 7 x 9 0 . 9 7 3 2
1 5 o o 4 OOOO 2 4 4 1 3 3 * 2 3 1 3 I 6 3 7 9 0 1 3 7 0 0 . 9 8 0 7
15 5 o 3 2 0 0 0 2 ° 3  45 2 . 5 6 6 1 I 6 9 2 5 0 1 1 0 5 0 . 9 8 6 7
1 6 0 0 2 5 0 0 0 1 5 2 5 s 10 9 0 0 8 I 7 4 7 1 0 0 8 3 9 0 . 9 9 1 3
I 6 So 2 OOOO 1 0 1 7 2 1 . 3 3 0 6 I 8 0 1 7 0 0 6 1 6 0 . 9 9  46
I 7 0 0 1 5 0 0 0 0 71 21 0 . 8 5 5 4 I 8 5 6 3 0 ° 4 3 4 0 • 9 9 7 0
1 7 5 0 1 OOOO 0 4 0 6 9 0 . 5 7 0 2 I 9 1 0 9 0 0 2 8 0 0 . 9 9 8 5
I 8 o o 0 6 0 0 0 0 2 0 3 4 0 .  28.51 I 9 6 55 0 01 5 4 0 . 9 9 9 4
I 8 5 o 0 2 0 0 0 0 1 0 1 7 0 .  1 9 0 1 2 0 2 0 1 0 0 0 7 0 0 . 9 9 9 8
1 9 o o 0 IOOO 0 1 0 1 7 0 . 0 9 5 0 2 0 7 4 7 0 0 0 4 2 1 . 0 0 0 0
5 0 0 OOOO 0 OOOO 0 „ 0 0 0 0 2 0 0 0 0 0 1 . 0 0 0 0
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E x p e r i m e n t  2 4 . 3
T i me
C o r r e c t e d  p h o t o c e l l  
d e f l e c t i o n  i . e ,  o b s c u r a t i o n ,  
a r b i t r a r y  u n i t s
D i m e n ­
s i o n - -
l e s s
t i m e
C o n c e n t r a t i o n
Nor m, N o r m,Cum,T r i a l
A
T r i a l
B
T r i a l
c
0 . 0 0 0 . 0 0 0 0 0 * 0 0 0 0 0 , 0 0 0 0 0 . o o o o 0 . 0 0 0 0 0 . 0 0 0 0
0 . 5 0 . 0 . 1 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 5 5 2 0 . 0 0 1 7 0 . 0 0 0  1
1 * 0 0 0 • 4 0 0 0 0 *3 5 5 3 0 . X 2 4 5 0 . 1 1 0 5 i 0 * 0 1 4 9 0 . 0 0 0 9
1 . 5 0 2 . 0 0 0 0 1 * 5 3 9 5 1 • 12  0 X 0 . 1 6 5 7 0 * 0 7 8 8 0 . 0 0 5 3
2 . 0 0 4 . 6 0 0 0 3 * 5 5 2 8 3 * 3 6 0 4 0 . 2 2 1 0 0 * x 9 48 0 . 0 1 6 0
2 . 5 0 8 . 0 0 0 0 6 . 0 3 9 7 6 . 4 7 1 9 0 . 2 7 6 2 0 . 3  4 7 0 0 . 0 3 5 2
3 * 0 0 1 1 . 8 0 0 0 9 * 3 5 5 7 1 0 . 7 0 3 5 0 . 3 3 1 5 0 . 5 3 8 9 0 . 0 6 5 0
3 . 5 0 1 5 . 7 0 0 0 1 2 . 9 0 8 5 1 4 , 6 8 6 2 0 . 3 8 6 7 0 . 7 3 2 4 0 . 1 0 5 4
4 . 0 0 1 9 . 2 0 0 0 1 6 . 9 3 5 0 1 8 . 5 4 4 4 0 . 4 4 x 9 Oo 9 2 5 0 0 . 1 5 6 5
4 . 5 0 2 2  m I OOO 2 1 . 3  1 6 7 3 2 . 1 5 3 7 0 . 4 9 7  2 10 x 09  2 0 . 2 1 7 8
5 - o o 2 4 . 5 0 0 0 2 5 . 1 0 6  4 2 5  « 26  52 0 . 5 5 2 4 1 . 2 6 6 5 0 . 2 8 7 8
5 - 5 o 2 6 . 1 0 0 0 2 7 * 5 9 3 3 2 7 . 5 0 5 5 0 . 6 0 7 7 * * 3 7 3 6 0 . 3 6 3 6
6 . 0 0 2 6 . 5 0 0 0 2 8 . 4 2 2 3 2 8 . 6  2 5 6 0 . 6 6 2 9 * * 4 * 3 3 0 . 4 4 1 7
6 . 5 0 2 5 . 5 0 0 0 2 7  .  7 11 8 2 8 . 3 7 6 7 0 . 7 1 8 2 1 . 3 8 0 1 0 . 5 1 8 0
7 . 0 0 2 3 . 7 0 0 0 2 6 . 0 5 3 8 2 6 . 3 8 5 3 o * 7 7 3 4 1 . 2 8 8 0 0 . 5 8 9 1
7 - 5 o 2 I .  IOOO 2 3 . 6 8 5 3 2 3 . 6  4 7 2 0 . 8 2 8 6 x .  1 5 7 6 0 . 6 5 3  1
8 « 0 0 l 8 # 8 0 0 0 2 0 © 8 4 3 c a  0 • 3 8 6 8 • 0 © 8 8 3 9 1 * 0 1 3 8 0 8 7 0 9  I
8 . 5 0 1 6 . 5 0 0 0 * 7 * 7 6 3 9 * 7 * * 7 5 4 0 , 9 3 9 1 0 • 8 7 0 1 0 . 7 5 7 1
9 . 0 0 1 4 . 4 0 0 0 1 4 . 4 4 8 0 1 4 . 3 x 2 8 0 . 9 9 4 4 0 . 7 3 0 1 0 . 7 9 7 5
9 . 5 0 1 2 . 4  o p 0 I X. 8  4 2 6 X2 . 3 2 x 5 i . 0 4 9 6 0 . 6 x 8 5 0 . 8 3  i  6
1 0 . 0 0 1 0 . 6 0 0 0 9 . 7 1 1 0 1 0 , 3 3 0 1 1 • 1 0 4 9 0 , 5 x 8 3 0 . 8 6 0 3
1 0 . 5 0 9 . 2 0 0 0 8 . 2 8  9 8 8 . 7 1 2 1 1 . 1 6 o x 0 a 4 4 3 2 0 • 8 8  48
1 x .  0 0 8 . 0 0 0 0 7 • 2 2 4 0 7 . 2 1 8 6 * * 2 1 5 3 0 * 3 7 9 6 0 . 9 0 5 7
1 1 . 5 0 6 . 7 0 0 0 6 . 5 1 3 4 5 . 9 7 4 0 ! 1 . 2 7 0 6 0 . 3 2 4 6 0 . 9 2 3 7
1 2 . 0 0 5 • 7 0 0 0 5 . 9 3 1 3 4 * 8 5 3 9 . I . 3 2 5 8 0 . 2 7 8 7 0 . 9 3 9 1
1 2 , 5 0 4 . 8 0 0 0 5 . 3 3 9 3 3 0 8 5 8 2 I . 3 8 X X v 0 .  2 3 6 6 0 . 9 5 2 1
1 3 . 0 0 4 . x  0 0 0 4 . 6 1 8 0 3 * 2 3 5 9 I . 4 3 6 3 0 . 2 0 2 2 t 0 . 9 6 3 3
* 3 * 5 0 3 • 5 ° o o 3 * 7 8 9 6 2 . 6 1 3 6 i • 4 9 i 6 . O . X 6 7 5 0 . 9 7 2 6
1 4 . 0 0 2 . 9 0 0 0 2 . 9 6 0 7 2 o 2 4 0 3 1 . 5 4 6 8 O . I 3 7 0 0 . 9  8 0  X
1 4 . 5 0 2 • 4 0 0 0 2 .  3 6 8 5 I 0 7 42  4 1 . 6 0 2 1 0 , 1 1 0 1 0 0 9 8 6 2
1 5 . 0 0 1 . 8 0 0 0 1 . 7 7 6 4 * * 4 9 3  5 * * 6 5 7 3 0 . 0 8  5 8 0 . 9 9  1 0
1 5 • 5 0 1 • 4 0 0 0 I • 1 8 43 1 . 2  4 4 6 1 . 7 1 2 5 0 - 06  48 0 . 9 9 4 5
1 6 . 0 0 1 . 0 0 0 0 0 . 7 1 0 6 0 . 8 7 1 2 1 . 7 6 7 8 0 • 0 4 3 7 0 . 9 9 6 9
1 6 . 5 0 0 • 6 0 0 0 o * 3 5 5 3 0 . 4 9 7 8 1 . 8 2 3 0 0 a 0 2 4 6 0 . 9 9 8 3
1 7 . 0 0 0 . 3  0 0 0 0 , 2  36  9 0 * 3 7 3 4 x . 8 7 8 3 0 . 0 1 5 4 0 , 9 9 9 *
r 7 * 5 ° 0 . 2 0 0 0 0 . 1 x 8 4 0 . 2  4 8 9 * * 9 3 3 5 0 . 0 0 9 6 0 . 9 9 9 7
1 8 . 0 0 0 . x 0 0 0 0 .  x 1 8 4 0 . x 2 4 5 . 1 . 9 8 8 8 0 . 0 0 5 8 1 . 0 0 0 0
1 8 . 5 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 2 . 0 4 4 0 O 0 o o o o 1 , 0 0 0 c
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E x p eriment 2 h **f
T i m e
C o r r e c t e d  p h o t o c e l l  
d e f l e c t i o n  i . e .  o b s c u r a t i o n ,  
a r b i t r a r y  u n i t s
D i m e n ­
s i o n ­
l e s s
t i m e
C o n c e n t r a t i o n
N o r m ,
N o r m .
C u m .T r i a l
A
T r i a l
B
T r i a l
C
0 . 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0
0 . 5 0 0 . 0 0 0 0 0 • 0 0 0 0 0  0  O O O O 0 . 0 5 2 7 0  O O O O 0 . 0 0 0 0
I  * 0 0 0 • 0 0 0 0 0 . O O O O 0 . 0 0 0 0 0 . 1 0 5 4 0  0  O O O O O o O O O O
1 . 5 0 0 . 0 0 0 0 . 0 . O O O O O O I I 3 3 0 . 1 5 8 1 0 . 0 0 2 8 0 . 0 0 0 1
2 . 0 0 0 . 3 0 0 0 0 . I  I  0 2 0  .  5 6 6  7 0 . 2 1 0 7 0 . 0 2 3 8 ■ 0  © 0 0 1 4
2 . 5 0 1 • 0 0 0 0 0  •  8  8 1  3 0 . 9 0 6  7 0 . 2 6 3 4 0 . 0 6 7 8 0 . 0 0 5 0
3 * 0 0 2 . 1 0 0 0 2 . 7 5 4 1 1 . 7  0 0 0 0 . 3 1 6 1 0 . 1 5 9 4 0  0  0 1 3 4
3 * 5 o 3 . 7 0 0 0 ' 5 * 7  2 8 6 3 . 0 6 0 0 0 . 3 6 8 8 0  . 3 0 3 8 0  0  0 2 9 4
4 . 0 0 6 . 0 0 0 0 9 . 4 7 4 2 5 . 3 2 6 7 0 . 4 2 1 5 0 . 5 0 6 0 0  .  0 5 6 0
4 . 5 0 9 . 2 0 0 0 1 2 . 8 8 9 3 9 . 1 8 0 0 0 . 4 7  4 2 0 . 7 6 0 6 0 . 0 9 6 1
5 . 0 0 1 2 . 9 0 0 0 1 5 . 8 6 3 8 1 3 . 9  4 0 0 0 . 5 2 6 9 I . 0 3 8 7 0 . 1 5 0 8
5 - 5 o 1 6 * 7 0 0 1 8 . 2 8 7 4 x  8  .  1 3  3  3 o » 5 7 9 5 I . 2 9 2 1 O o  2 1 8 9
6 * 0 0 1 9 . 6 0 0 0 1 9 . 8 2 9 7 2 0 . 9 6  6 7 0 .  6  3  2  2 1 0  4 6 9  I 0 . 2 9 6 3
6  . 5 0 ; 2 1 . 2 0 0 0 2 0 . 1 6 0 2 2 1  .  9 8 6 7 0 . 6  8  4 9 x  0 5  4 ° 9 0 . 3 7 7 5
7 . 0 0 2 1 . 2 0 0 0 1 9 * 8 2 9 7 2 1 . 6  4 6 7 9 * 7 3 7 6 I  O 5  2  4 6 o . 4 3 7 8
7 * 5 0
O
1 8 . 6  s  7 9 2 0 . 2 8 6 7 0 « 7 9 0 3 X .  4 3  5  ^ 0 * 5 3 3 4
o . O O 1 8 . 3 0 0 0 1 6 . 7 4 5 1 1 8 . 1 3 3 3 0 . 8 4 3 0  * 1 . 2 9 3 5 o . 6 0 1 6
8 . 5  O 1 6 . 4 0 0 0 1 4 . 6 5 2 0 1 5 - 7 5 3 3 0 . 8 9 5 7  ; 1 . 1 3 8 5 0  0  6 6  1 6
9 . 0 0 1 4 . 7 0 0 0 1 2 . 5 5 8 8 1 3 . 2 6 0 0 0 . 9 4 8 4  i 0  . . 9 8 5 6 0 . 7 1 3 5
9 . 5 0 1 2 , 8 0 0 0 1 0 . 7 9 6  2 I  I  0  2 2 0 0 I . O O I O 0 . 8  4 6 9 O 0 7 5 8 1
1 0 . 0 0 I I . O O O O 9 . 3 6  4 0 I  0 . 0 8 6  7 £ * 0 5 3 7  . 0 . 7  4 0 7 0 . 7 9 7 1
1 0 . 5 0 9 • 5 0 0 0 8 . 1 5 2 2 9 . 0 6 6 7 I . I 0 6 4  : 0 . 6  4 9 9 0 . 8 3  1  4
1 1 . 0 0 8 . 2 0 0 0 7 . 2 7 0 9 8  .  0 4 6  7 1 . 1 5 9 1 0  0  5 7 2 0 0  © 8  6  1  5
1 1 . 5 0 7 • 0 0 0 0 6 . 3 8 9 6 7 . 0 2 6 7 ; I * 2 I l 8  ' , 0  ® 4 9 6 6 0 . 8 8 7 7
1 2 . 0 0 6 . 0 0 0 0 5  & 5 o 8 3 6 . 0 0 6 7 I  . 2 6 4 5  j. 0 . 4 2 6 0 0 . 9 1 0 1
I 2 . 5 0 5 . 2 0 0 0 4 . 8 4 7 3 5 - 4 4 ° ° £ » 3 X 7 2  j o . 3 7 6 7 0 . 9 3 0 0
1 3 * 0 0  • 4  *  4  0  G  0 4 . 2 9 6 4 4 * 5 3 3 3 i . 3 6 9 8  i 0 . 3 2 1 8 0  0  9  4 6 9
1 3  •  5 ° . 3 . 4 0 0 0 3 * 5 2 5 3 3 * 7 4 0 0 1 . 4 2 2 5  1 0 . 2 5 9  4 0 . 9 6 0 6
1 4 . 0 0 2 . 6 0 0 0 2 . 9 7 4 5 3 . 0 6 0 0 1  *  4 7 5 3  \ 0  0  2 1 0 0 0 . 9 7 1 7
1 4 . 5 0 2 . 0 0 0 0 2 * 5 3 3 8 2 . 3  8 0 0 1 - S 2 7 9  ! 0  . 1 6  8  2 0 . 9 8 0 5
1 5 * 0 0 1 . 6 0 0 0 1 . 9 8 3 0 1  © 7 0 0 0 I  . 5 8 0 6  ; 0 . 1 2 8 5 0 . 9 8 7 3
1  5  •  5  0
^  C
1 . 2 0 0 0 1 . 4 3 2 1 X o i 3 3 3 1 " 6 3 3 3  ; 0 . 0 9 1 6 0 . 9 9 2 1
l O f t O O
000309O
1 . 1 0 1 7 0 * 7 9 3 3 I . 6  8 6  0  i 0 . 0 6 5 6 0 . 9 9 5 6
1 6 . 5 0 0 . 4 0 0 0 0 . 7 7 1 2 O o  4 5 3 3 1 . 7 3 8 6  \ 0 . 0 3 9 5 0 . 9 9 7 7
1 7 . 0 0 0 . 3 0 0 0 0 . 4 4 0 7 O  a  2  2 6 7 £ * 7 9 £ 3  1 0 . 0 2 3  5 0 . 9 9 8 9
1 7 * 5 0
ri 0
0 . 2 0 0 0 0 . 2 2 0 3 0  0  1 1 3  3 1 . 8 4 4 0  j Q  .  O  I  3  O 0 . 9 9 9 6
I  0  .  0  0riri O _j 0 . I O O O 0 . 1 1 0 2 O O I I 3 3 1 . 8 9 6  7  ! 0  «  0 0 7 9 1 . 0 0 0 0
1 0  .  5  0 0 . 0 0 0 0 ____ o _ «  0 . 0  0  0 __OoOOOO. x ® 9 4 9 4  5 OoOOOO I.OOOO
\
-  2 9 9  -
Ti me
C o r r e c t e d  p h o t o c e l l  
d e f l e c t i o n  i . e ,  o b s c u r a t i o n ,  
a r b i t r a r y  u n i t s
D i m e n ­
s i o n -  1 
l e s s  
t i m e
C o n c e n t r a t i o n
N or m, Nor m 6 Cum.T r i a l
&
T r i a l
B
T r i a l
C
0 . 0 0 0 , 0 0 0 0 0 . 0 0 0 0 0 a o o o o  ! 0 * 0 0 0 0  j 0 , 0 0 0 0 0 « o o o o
o 8 50 0 , 0 0 0 0 0 . 0 0 0 0 0 , 0 0 0 0  j 0 . 0 4 9 9 0 , 0 0 0 0 O 0 o o o o
m o o 0 « o o o o 0 . 0 0 0 0 0 . 0 0 0 0 ' 0 , 0 9 9 8 0 .  0 0 c  0 0 , 0 0 0 0
X a 50 0 oOOOO 0 . 0 0 0 0 0 , 0 0 0 0 0 . 1 4 9 8  1 0 * 0 0 0 O' 0 * 0 0 0 0
' 2 , 0 0 0 0 o o o o 0 . 0 0 0 0 0 , 0 0 0 0  I 0 . 1 9 9 7 0 . o o o o 0 . 0 0 0 0
2 0 50 0 . I 0 0 0 0 * 1 5  42 0 . 3 6 4 0 0 . 2 4 9 6 0 . 0 0 9 3 0 , 0 0 0 5
3 * 0 0 0 , 3 0 0 0 1 , 0 7 9 6 1 , 3 1 9 9 0 , 2 9 9 5 0 . 0 4 8 3 0 . 0 0 2 9
3 * 5 ° X 0 6 0 0 0 2 . 7 7 6 2 3 * 03  5 8 0 . 3 4 9 4  • O o 1 3 2 5 0 . 0 0 9 5
4 « 0  0 3 , 5 0 0 0 4 0 9 3 5 5 5 * 54  36 0 , 3 9 9 4 0 . 2 5 0 0 0 , 0 2 2 0
4 .* 50 6 . 2 0 0 0 7 . 7 1 1 7  . 8 . 3 1 5 4 0 , 4 4 9 3 0 ° 3 97  5 0 , 0 4 1 8
5 , 0 0 9 . 7 0 0 0 I Q * 7 9 6 4 1 2 * 3 7 5 1 0 . 4 9 9 2 0 . 5 8 6 0 0 , 0 7 1 1
5 * 5 ° x 3 • 9 0 0 0 1 4 . 6 5 2 2 1 6 .  2 3 4 8 0 . 5 4 9 1 0 . 8 0 0 9 0 a I I I 0
6 . 0 0 1 8 . 1 0 0 0 1 8 . 3 5 3 8 1 9 . 6 6 6  5 0 . 5 9 9 0 1 . 0 0 3 6 0 * 1 6 x 1
6 . 5 0 2 I 0 6 0 0 0 : 2 2 . 2 0 9 7 3 2 , 5 7 0 3 O © 0 zL C) Q 1 .  1 8 7 0 0 , 2 2  04
7 . 0 0 ' 2 4 . 4 0 0 0 : 2 5 . 9 x 1 3 2 5 , 0 7 8 1 0 . 6 9 8 9 2 . 3 4 8 3 c .  3 8 7 7
7 * 5 o ■ 2 6 . 3 0 0 0 : 2 8 . 5 3 3 3 3 6 . 7 9 4 0 0 , 7 4 8 8 * * 4 5 9 7 0 * 3 6 0 6
8 „ 0 0 : 2 7 a  x 0 0 0 : 2 9 , 9 2 x 4 3 7 . 3 3 2 0 0 . 7 9 8 7 x . 5 0 8 3 , <>•43 59
Q « 5 0 : 3 6 • 7 0 6 0 3 0 . 0 7 5 6 3 6 , 7 9 4 0 0 , 8 4 8 6 I . 4 9 4 4  ! o* 5 1 0 5
9 . O O 2 5 . 4 0 0 0 2 8 . 3 7 9 0 3 5 , 7 3 8 1 0 , 8 9 8 6 1 , 4 2 2 0 0 , 5 8 1 5
9 .  50 ■ 2 3 , 2 0 0 0 : 2 4 . 9 8 5 9 2 4 , 2 8 6  3 0 . 9 4 8 5 x , 2 9 6 0 0 .  6 4 6 1
1 0 . 0 0 ■ 2 0 . 4 0 0 0 : 2 0 . 9 7 5 8 2 2 , 3 0 6 3 0 , 9 9 3 4 2 , 1 3 8 8 0 . 7 0 3 0
I 0 # 50 x 8 . o o o o 1 7 . 7 3 6 9 1 9 . 7 9 8 5 10 0 4 8  3 - 0 . 9 9 3 1 0 . 7 5 2 6
1 1 . 0 0 1 6 . 0 0 0 0 1 4 . 9 6 0 7 1 6 , 8 9 4 7 1 , 0 9 8 3 0 . 8 5 5 8 O o ? 9 5 3
11 .  50 1 4 . 3 0 0 0 1 2 . 6 4 7 2 1 4 . 3 8 6 9 1 . 1 4 8 2 0 0 7 3 9 2 ; 0 . 8 3 2 2
X 2 O 0 0 1 2 , 7 0 0 0 9 . 2 5 4 0 1 1 . 8 7 9 1 l a I 9 8 I 0 . 6 0  50 0 . 8 6 2 4
X2«-50 1 1 . 2 0 0 0 9 . 0 9 9 8 9 +  3 53 1 . 2 4 8 0 0 * 5 3 5  3 0 , 8 8 9 1
I 3 4 O O “9 . 8 0 0 0 7 . 7 1 1 7 7 +  5 5 4 1 . 2 9 7 9  ; 0 . 4 5 0 1 0 , 9 1 x 6
1 3 , 5 0 8 . 7 0 0 0 6 . 6 3 2 1 6 * 4 6 7 5 • 1 0 3 4 7 8 0 .  3 8 9 2 0 . 9 3 X 0
1 4 . 0 0 7 0 5 0 0 0 5 , 7 0 6 7 5 . 2 7 9 6 1 . 3 9 7 8 0 * 3 3 0 6 O . 9 4 7  5
1 4 * 5 ° 6 . 5 0 0 0 4 . 6 2 7 0 4 . O 9 I 7 1 . 4 4 7 7  1 0 . 3 7 2 1 0 . 9 6 x 2
x 5 . 0 0 5 - 5 0 0 ° 3 . 7 0 1 6 2 * 9 0 3 8 ' 1 , 4 9 7 6  : 0 . 2 1 6 5 O . 9 7 1 9
x 5* 50 4 . 5 0 0 0 ■ 2 . 7 7 6 3 x . 9 7 9 9 * - 5 4 7 5 0 . 1 6 5 5 0 . 9 8 0 2
X 6 . 0 0 3 . 6 0  0 0 2o 1 5 9 3 X * 5 S 39 2 , 5 9 7 4  ; 0 !  31 3 O . 9 8 6 8
1 6 . 5 0 2 . 7 0 0 0 I . 5 4 2 3 i » « 5 5 9 1 , 6  4 7 4  i 0 . 0 9 4 7 0 . 9 9 x 5
1 7 , 0 0 1 * 8 0 0 0 I o 2 3 3 9 0 . 7 9 1 9 1 . 6 9 7 3  j 0 , 0 6 8 4 ' 0 . 9 9 4 9
1 7 - 5 0 I 0 0 0 0 0 O . 9 2 5 4 0 , 5 2 8 0 1 . 7 4 7 3  j 0 , 0 4 3 9 0 . 9 9 7 1
l 8 » 0 0 0 , 5 0 0 0 0 0 6 i  6 9 0 , 3 9 6 0 1 . 7 9 7 *  1 0 , 0 2 7 1 0 , 9 9 8  4
x 8 .  50 0 , 3 0 0 0 0 . 3 0 8 5 0 * 3 6 4 0 1 . 8 4 7 0  1 0 , 0 1 5 6 c « 9 9 9 2
1 9 , 0 0 0 . 2 0 0 0 ' 0 a X 5 4 2 0 O x 3 2 0 x . 8  9 7 0  i 0 0 0 0 8 7 O . 9 9 9 7
X 9 o 5 0 0 .  -x 0 0 0 O . I 5 4 2 0 • x 3 2 0 J. a Q if 6 Q | 0 , 0 0 6 9 I . o o o o
2 0 , 0 0  • 0 a OGOO 0 . o o o o 0 . 0 0 0 0 1 2 , 9 9 6 8  1 O 0 c o o o X. c o c o
„ 300 -
E:,cperiment 2+, 6
Ti me
C o i ' r e c t e d  p h o t o c e l l  
d e f l e c t i o n  i . e .  o b s c u r a t i o n ,  
a r b i t r a r y  u n i t s
D i m e n ­
s i o n -
l e s s
t i m e
Cone  e n t r a t i o n
Nor m, N o r m,Cum.T r i a l T r i a l
ji
T r i a l
C
0 . 0 0 0 . 0 0 0 0 O* OOOO 0 * 0 0 0 0 0« 0 0 0 0 0 * 0 0 0 0 0 * 0 0 0 0
o c C/i O 0 * OOOO 0 * OOOO ' 0 * OOOO 0 * 0 4 0  4 0 * 0 0 0 0 0 * 0 0 0 0
i  * o o 0 * OOOO 0 * OOOO 0 * 0 0 0 0 0 * 0 8 0 8 0* 0 0 0 0 0 * 0 0 0 0
1 , 5 0 0 * 0 0 0 0 0 * 0 0 0 0 0 Q OOOO 0 * 1 2 1 2 0 * 0 0 0 0 0 * 0 0 0 0
2 * 0 0 0 * 0 0 0 0 0 * 1 1 1 1 0 - 3 5 5 6 0 * 1 6 1 6 0 * 0 0 6 7 0 * 0 0 0 3
2 * 50 0 * 1 0 0 0 0 * 7 7 7 6 1 - 3 3 3 6 0 * 2 0 2 0 0 * 0 3 x 8 o » o o i 6
3 • OO 0 0 7 0 0 0 2 0 2 2 I 8 3 * 2006 0 « 2 4 2 5 0 * 0 8 8 2 0 * 0 0 5 1
3 * 5 ° 2 * 0 0 0 0 4 * 2 2 1 5 5 * 9 5 6 6 0 * 2 8 2 9 ; "0 * 1 7 5 3 0 * 0 1 2 2
4 * 0 0 4 * 2 0 0 0 6 * 8 8 7 7 9 * 5 1 2 8 0 - 3 2 3 3 0 * 2 96 6 0 * 0 2 4 2
4 * 5 0 7 * 2 0 0 0 1 0 * 1 0 9 3 1 3 * 3 3 5 7 0 * 3 6 3 7 j 0 * 4 4 x 2 0 * 0 4 2 0
5 * o o 1 0 * 7 0 0 0 1 3 - 7 7 5 4 x 7 * 4 3 5 3 0 * 4 0 4 ! 0 * 6 0 3 3 0 * 0 6 6 4
5 * 5 ° 1 3 * 9 0 0 0 1 7 * 4 4 1 4 2 0 * 4 4 8 0 °  * 4 4 4 5 I 0 * 7 4 5 7 0 * 0 9 6 5
0 * 0 0 I 7 « I 000 2 1 * 1 0 7 4 2 2 * 8 48 4 0 © 48 49 0 * 8 7 9 1 0 * 1 3 2 1
6 * 5 0 2 0 * OOOO 2 4 * 3 2 9 1 2 4 * 893  2 0 0 5 2 5 3 I O 0 Q C) 0 *J 0 * 1 7 2 3
7 * 0 0 23  * OOOO 27  * I 06 4 260 1 3 7 9 0 . 5 6 5 7 I * 0 9 7 8 0 * 2 1 6 7
7 * 5 o 25 * 7 0 0 0 £ 9  - 5 5 0 4 2 7 0  4 7 1 5 0* 6 06 1 1 * 1 9 1 1 O 0 26 48
8 « o o
o 2 8 * OOOO 3 * * 5 5 0 0 2 8 * 3 6 0 5 0 * 6 46 6 1 * 2 6 5 8 0 * 3 x 608 * 5 0 2 9 * 4 0 0 0 3 2 * 8 8 3 1 2 9 * 0 7 1 7 0 * 6 8 7 0 x - 3 x 5 4 0 * 3 6 9 1
9 * 0 0 3 0 * 3 0 0 0 3 3 * 6 6 0 8 2 9 - 3 3 8 5 0 * 7 2 7 4 x - 3 4 3 4 0 * 4 2 3 4
9 • 5 0 300 400 0 3 3 * 7 7 X 9 2 9 * 3 3 8 5 0 * 7 6 7 8 x * 3 46 4 0 * 4 7 7 8
1 0 * 0 0 30 0 0 0 0 0 "3 3 * x 0 5 3 28 o 805  0 0 * 8 0 8 2 i « 3 £ 3 4 0 - 5 3  x 31 0 * 5 0 2 9 * O O O O 3 X 0 8 8 3 3 2 7 * 7 3 8 2 0 * 8 486 r * 2 7 6  0 0 * 5 8 2 9
1 1 * 0 0 27 * 6 0 0 0 2 9 © 9 9 4 8 2 6 * 2 2 6 8 0 * 8 8 9 0 1 * 2 0 6 9 0 * 6 3 1 6
1 1 * 5 0 25 * 8 0 0 0 2 7 * 5 5 ° 7 2 4 * 3 5 9 8 0 * 9 2 9 4 1 * 1 1 8 9 0 * 6 7 6 8
1 2 . 0 0 . 2 3 * 9 0 0 0 2 4 * 6 6 2 4 2 2 * 2 2 6 1 0 * 96 9 8 1 * 0 x 92 0 * 7 1 8 0
I 2 0 5 0 2 2 * 0 0 0 0 2 1 * 2 1 8 5 2 0 * 1 8 x 3 1 * 0 x 0 2 ^0 * 9 r 2 9 0 * 7 5 4 9
‘ i
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Experiment 24.6 (Cont'd.)
Tine
Corrected photocell 
deflection i.e. obscuration, 
arbitrary units
Dimen­
sion­
less
time
Concent:ration
1»orm. Norm.Cum.Trial Trial
ii
Trial
C
13*00 2 O 4000 ie.5523 1 8. 1365 1.0507 0 8 220 0.7881
1 3 • 5 o 18 9000 15*9972 16.2695 1.0911 0 7 3 8 7 c . 8 1 7 9
i 4.00 I 7 3000 1 3 * 7 7 5 4 14.4914 1.13x5 0 6561 0.844414*50 15 8000 1 1 * 5 5 3 5 12.8911 1.1719 0 5 7 9 5 c . £  6  7 815*00 £4 4000 9.665O 11.46 87 1 .2123 0 5 x 1 6 0.6885
£ 5 * 5 0 I 2 9000 7 . 7 7 6 4 10.2240 £.2527 0 4449 c .906 516.00 I I 6000 6 * 4 4 3 3 9.06 8 3 1.2931 0 3 9 ° 4 0.922316.50 I O 2000 5 - 4 4 3 5 7 •9 1 2 5 £ *33 35 0 3 3 9 2 o .9 36 017*00 9 OOOO 4 * 4 4 3 7 6.8456 £ * 3 7 3 9 0 2921 0.947817.50 7 8000 3 . 5 5 4 9 5.8677 1 * 4 i 43 0 2480 0.957818*00 6 7000 2.9995 4.8897 1.4348 0 2 1 01 0.9663
18.50 5 8000 2.4440 4.0007 1 - 49 5 2 0 1763 ° * 97 3 419.00 5 OOOO 2,2218 3 • 1 1 17 1*5356 0 1488 O.9794
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23.50 0 4 0 0 0 0.4444 ° * 3 5 5 6 1.8993 0 0173 0.9990
24.OO 0 3 0 0 0 0 * 3 3 3 3 0.2667 1 *9 397 0 0130 0.999524.50 • 0 2 0 0 0 0 . 2 2 2 2 0 . 1 7 7 8 I * 9 8 0 1 0 0086 0.9998
25.OO 0 IOOO O . I I I I 0 . 08 8 9 2.0205 0 0043 1.0000
2 5 . 5 0 \ 0 OOOO 0 . 0 0 0 0 0 . 0 0 0 0 2.0609 0 cooo 1 • 0 000
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experiment 24.7 (Cont5 d . )
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Experiment 24.8 (Cont’d.)
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Experiment 24.9
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x 6 0 0 0 3 0 0 0 0 . 3 4 3 3 0 . 3 1 2 0 i * 7 2 4 0  ** 0 0 1 6 3 0 9 9 8 7
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3 0 0 2 8 0 0 0 3 5 7 g 5 2 . 6 3 4 4 ; 0 3 1 0 7 0 £ 5 7 9 0 0 1 1 8
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6 5 ° 2 6 5 0 0 0 2 6 7 8 4 5 2 5 . 6 2  56 O 6 7 3 2 1 3 8 2 1 0 3 4 7 7
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3 0 0 0 3 0 0 0 0 4 1 1 8 • 0 ft 7 9 0 8 0 3 7 7 9 0 0 2 4 3 0 0 0 1 3
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'4 o o 3 5 0 0 0 3 0 8 8 7 5 * 6 3 4 3 0 3 7 0 s 0 * 9 7 4 0 O I 4 4
4 5 0 6 9 0 0 0 • 5 9 7 * 5 9 , 6 8 / 7 0 0 4 1 6 8 ■ 0 3 6 4 4 0 0 3 * 3
5 0 0 XX 2 0 0 0 X 0 0 8 9 8 * 3 * 9 3 7 4 0 4 6 3 1 0 5 6 9 0  . 0 0 5 7 6
5 5 ° ' x6 o o o o 1 4 4 1 4 0 * 7 * 7 9 2 4 ' 0 5 0 9 4 0 7 7 8 7 0 0 9 3 7
6 0 0  • 19 9 0 0 0 : 1 8 5 3 2 3 3-0 • 6 5 8 9 0 5 5 5 7 0 9 5 4 5 0 * 3 7 9
6 So ; 2 3 8 0 0 0 2 I 5 * 8 1 ‘ 2 2 * 8 3 3 5 0 6 0 2 0 1 0 8 4 7 0 i  8 8  x
7 o o 3 4 S o o o : 2 3 7 8 32 2 4 . 5 1 3 9 0 □ 4 8 3 X X 8 0 8 0 2 42  8
7 50 . 3 6 3 0 0 0 ; 2 5 5 3 3 5 2 5 * 2 0 5 9 0 6 9 4 6 ' 1 2 4 3 8 0 3 0 0 3
8 0 0 : 2 7 o o o o . 2 6 5 6 3 ° 2 5 * 6 0 1 2 0 7 4 0 9 X 2 7 8 8 0 3 5 9 6
8 50 ;  3 7 2 0 0 0 2 6 7 6 8 9 2,5 * 7 0 0 1 0 7 8 7 3 X 2 8 6 9 0 4 1 9 3
9 0 0 2 6 8 0 0 0 2 6 6 6 6 0 3 5 . 4 0 3 6 0 8 3 3 6 ■ I 2 7 4 0 0 4 7 8 2
9 50 . 2 6 1 0 0 0 2 6 3 5  43 2 4 . 7 1 1 6 0 8 7 9 9 I 2 4 4 9 0 5 3 5 8
t o 0 0 2 5 1 0 0 0 2 5 -5335 2 3 * 8 2 3 0 0 92 6 2 I 2 0 2 7 0 5 9 1 5
X 0 50 2 3 8 0 0 0 2 4 4 0 0  9 2 2 . 7 3 4 7 0 9 7 2 5 I 1 4 5 9 0 6 4 4 6
11 o o 2 2 1 0 0 0 2 2 8 5 6 6 2 1 *  5 4 8 5 1 0 x 8 8 I 0 7 4 3 0 6 9 4 3
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1 4 50 •8 6 0 0 0 8 7 5 * 4 • 8 . 6 9 8 5 I 3 4 3 0 0 42 0 8 0 9 1 9 4
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2 5 ° 0 OOOO 0 , OOOO 0 * OOOO 0 X 2 2 4 0 0 0 0 0 0 0 0 0 0
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4 ‘5° 0 IOOO 0 , 2 4 9 9 0 . 5 5 9 5 0 3 6  72 0 0 x 6 3 0 0 0 0 8
5 0 0 0 5 0 0 0 1 * 3 4 9 4 x ,  5 S’'5 4 0 4 0 8 0 0 ° 5 9 5 0 0 0 3 2
5 50 ' 2 OOOO 2 , 7 4 8 7 3 , 2 6 4 0 . . 0 4 4 8 9 . . , 0 1 4 3 0 0 0 0 9 X
'6 00.  • ♦ . -4 IOOO " ■ 4 . 9 9 7 6 5 , 6 8 8 6 0 4 8 9 7 0 2. 639  * 0 0 x 9 8
6 5 ° ; . 7 3 0 0 0 7 * 7 4 6 3 • 8 . 5 7 9 5 0 5 3 0 5 0 4 2 1 7 0 0 3 7 0
7 0 0 1 0 6 0 0 0 1 0 , 5 7 8 3  ‘ ♦ n  , 6 5 7 0 . . . - 0 57 . ^ 3 % 0 5 8 6 0 0 0 6 0 9
7 5 0 1 3 . 5 0 0 0 i  3 ,  .16 0 4 1 4* 3 6 x 4 0 6 X 2 I 0 7 3 3 2 0 0 9 0 8
8 0 0 x 6 2 0 0 0 1 5 , 4 9 3 7 1 6 . 9 7 2 6 0 6 5 2 9 0 8 6 8 6 0 X 2 6 3
8 5 ° 18 7 0 0 0 1 7 , 6 5 8 3 1 9 , 3 0 4 0 0 6 9 3 7 0 9 9 3 5 0 1 6 6 8
9 0 0 2 0 9 0 0 0 1 9 , 7  4 0 7 2 x , 1 6 9 1 0 7 3 4 5 x 1 0 3 2 0 3 1 x 8
9 5 ° : 2 2 7 0 0 0 . 2 1 , 4 0 6 5 2 2 , 8 4 7 7 0 7 7  53 ' 1 X 9 5 0 0 2 6 0 6
x o 0 0 2 4 2 0 0 0 2 2 * 6 5 5 9 2 1 4 , 0 6 0 0 0 8 x 6 x X 3 6 5 7 0 3 1 2 2
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x 5 * 5 ° 1 4 4 0 0 0 £ 5 9 0 9 1 • 1 * 3 . 9 8 8 4 X 2 6 4 9 0 7 9 0 6 0 8 3 5 7
1 6 . 0 0 I 3 4 0 0 0 x 4 3 3 6 6 1 2 . 1 2 3 3 I 3 0 5 8 0 6 9 3 4 0 8 6 4 0
1 6 . 5 0 10 5 0 0 0 12 6.6 0 7 1 0 . 4 4 4 7 I 3 4 6 6 0 5 9 9 8 0 8 8 8 5
1 7 . 0 0 •S 8 0 0 0 1 0 9 9  4 8 • 9 . 0 4 5 8 X 3 8 7 4 0 5 1 4 7 0 9 ° 9 5
x 7 * 5 ° 7 3 0 0 0 ' 9 4 1 2 2 7 * 8 3 3 5 X 4 2 8 2 0 4 3 8 1 0 9 2 7 4
1 8 . 0 0 6 OOOO 8 ° 7 9 5 6 * 5 2 '  79 I 4 6 9 0 0 3 6 7 8 0 9 4 2 4
1 8 . 5 0 4 9 0 0 0 6 7 4 6 8 5 * 5 9 5 4 !<• 5 0 9 8 0 3 ° 7  7 0 9 5 4 9
1 9 . 0 0 3 8 0 0 0 5 4 9 7 4 4 . 7 5 6 1 I 5 5 ° 6 0 2 5  0 8 0 9 6 5 2
1 9 . 5 0 3 OOOO 4 4 1 4 6 ' 4 . 0 1 0 0 I' 5 9 * 4 0 2 0 3 9 0 9 7 3 5
3 0 . 0 0 2 5 0 0 0 3 5 8 x 6 3 . 1 7 0 7 I 6 3 2 2 0 x 6 51 0 9 8 0 2
M O • lA O ■ 2. OOOO ' 2 . 8 3 2 0 . 2 . 7 0 4 4 I 6 7 3 O 0 £ 3 4 5 0 9 S 57
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3 4 . 0 0 . 0 3 0 0 0 0 3 4 9 9 0 . 1 8 6 5 X 9 5 8 6 0 0 x 3 1 0 9 9 9 5
3 4 * 5 ° 0 2 0 0 0 0 -x666 0 * 0 9 3 3 X 9 9  9 4 0 0 0 8 2 0 9 9 9 8
3 5 . 0 0 0 •IOOO 0 0 8 3 3 0 . 0 9 3 3 2 0 4 0 2 0 0 0 4 9 1 0 0 0 0
2 5 * 5 ° 0 0 0 0 0 0 OOOO 0 . OOOO ‘ 2 0 8 1 0 0 0 0 0 0 1 OOOO
-  3 16
T i me
C o r r e c t e d  p h o t o c e l l  
d e f l e c t i o n  i . e ,  o b s c u r a t i o n ,  
a r b i t r a r y  u n i t s  f ..
D i m e n ­
s i o n ­
l e s s
t i m e
C o n c e n t r a t i o n
N o r m,
N o r m .  
Cum,T r i a l
A
, T r i a l  
ij
T r i a l
• c
0 o o o . o o o o 0 . o o o o 0 . o o o o 0 o o o o  . 0 o o o o 0 0 0 0 0
0 0 . 0 0 0 0 0 . o o o o 0* o o o o 0 0 3 5 6 0 o o o o 0 o o o o
X 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 0 0 0 0 7 1 1 0 o o o o 0 o o o o
X 50 o . o o o o 0 . 0 0 0 0 0 . o o o o 0 1 0 6 7 0 OOOO 0 o o o o
• 2 0 0 0 . o o o o 0 . 0 0 0 0 0 . 0 0 0 0 0 1 4 2 2 0 o o o o 0 o o o o
' 2 50 0 . 0 0 0 0 0 • o o o o 0 • o o o o 0 1 7 7 8 0 o o o o 0 0 0 0 0
3 0 0 , 0 . 0 0 0 0 0 . 0 0 0 0 0 • o o o o 0 3 1 3 3 0 o o o o . 0 o o o o
3 So 0 • o o o o 0 . 0 0 0 0 0 . 0 0 0 0  • 0 2 48 9 0 o o o o 0 o o o o
4 0 0 0 .  3 0 0 0 0 • x 0 8  4 0 . 0 0 0 0 0 2 8 4 4 0 00 . 49 0 0 0 0  2
4 So 0 . 8 0 0 0 0 . 5 4 2 1 0 . 1 1 7 8 0 3 2 0 0 0 0 * 7 5 0 0 0 0 8
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XO 0 0 3 0 . 0 0 0 0 3 0 * 7 9 0 7 2|8 . 8  5 0 7 0 7 1 1 1 1 0 7 6 7 0 215-4
xo 50 3 1 . 2 0 0 0 3 2 . 2 0 0 1 3,0.  6 1 7 1 0 7 4 6 7 1 X 29 3 0 3 5 5 6
I X 0 0 3 2 . x o o o 3 2 . 8 5 0 6 ' 3 2 . 0 3 0 2 0 7 8 2 2 1 1 6 4 9 0 3 9 7 0
11 So 3 2 . 9 0 0 0 3 3 * 5 0 1 * 3 2 . 8 5 4 5 0 8 . 17 8 1 1 9 2 2 0 3 3 9 4
X 2 00 3 3 . 2 0 0 0 3 3 . 8 2 6 4 3 3 * 3 2 5 5 0 3 5 3 3 1 2 0 5 4 0 3 8 3 3
12 50 3 3 . 2 0 0 0 3 3 . 8 2 6 4 3 3 * 4 4 3 3 0 8 8 8 9 X 2 0 6 8  ' 0 4 3 5 3
*3 0 0 3 3 . x o o o 3 3 * 2 8 4 3 3 3 *  2 0 7 8 0 9 2 4 4 1 -1962 0 4 6 7 7
* 3 So 3 2  ® 6 0 0 0 3 2 . 7 4 2 3 3 2 • 6 1 9 0 0 9 6 0 0 1 1 7 6 7 0 5 0 9 5
* 4 0 0 3 1 . 8 0 0 0 3 1 . 8 7 4 8 3 x . 91 2 4 0 9 9 5 6 X 1 48X 0 5 5 0 4
* 4 So 3 0  0 7 0 0 0 3 0 . 7 9 0 7 3 * * 2 0 5 9 X 0 3 1 1 I * 1 3 4 0 5 8 9 9
* 5 0 0 3 9* 4 0 0 0 . 2 9 . 3 8 1 3 30  m2 6 3 8 ; I 0 6 6 7  • * X 0 6 9 6.. 0 6 2 8 0
V
-  3 1 ?
V
T i m e
C o r r e c t e d  p h o t o c e l l  
d e f l e c t i o n  i . e .  o b s c u r a t i o n ,  
a r b i t r a r y  u n i t s
D i m e n -  
s i o n -  
• l e s s  
t i m e
C o n c e n t r a t i o n
No r m.
N o r m .  
Cum.  ’T r i a l  , T r i a l
E
T r i a l
C
*5 5 ° 2 8 IOOO 3 7 9 7 1 8 3 9 * 3’3!1 7 1 1 0 3 2 1 0 2 5 7 0 . 6 6  44
I 6 0 0 : 2 6 5 0 0 0 : 2 6 2 3 7 I . 3’8 .  2 6 19 1 x 3 7 8 0 97  £ 9 0 . 6 9 9 0
1 6 50 3 5 OOOO 2 4 7 1 9 3 2 7 . 0 8 4 3 • 1 X7 3 3 0 9 2 2 5 0 . 7 3 1 8
1 7 0 0 3 3 5 0 0 0 2 2 9 8 4 6 2 5 . 6 7 1 2 1 2 0 8 9 0 8 6 6 7 0 . 7 6 2 7
1 7 50 2 2 OOOO 21 5 7 5 3 • 2 4 . 2 5 8 1 1 £ 4 4 4 0 8 1 4 8 0 . 7 9 x 6
1 8 0 0 2 0 5 0 0 0 19 7 3 2 0 £ ' £•  3 7 4 ° 1 2 8 0 0 0 7 5 2 0 0 . 8 1 8 4
1 8 5 ° x 8 7 0 0 0 1 7 9 9 7 4 ■ 2 0 . 6 0 7 7 1 3 1 5 6 0 6 8 8 3 * 0 . 8 4 2 8
5 9 0 0 16 9 0 0 0 I 6 x 5 4 3 1 8 . 8 4 1 3 i 3 5 1 1 0 6 2 3 3 0 . 8 6 5 0
2 9 5 ° * 5 2 0 0 0 x 4 3 1 1 2 1 7 . 3 1 0 4 1 3 8 6 7 0 5 6 2 4 0 . 8 8 5 0
30 0 0 13 3 0 0 0  ■ 13 9 0 1 7 1 5 * 5 4-4 2 1 4 2 2 2 0 5 0 1 4 0 * 9 0 2 8
3 0 5 ° X X 5 0 0 0 I -I 3 s  39 1 4 . 1 3 1 0 1 4 5 7 8 0 4 4 4 6  • 0 . 9 1 8 6
31 0 0 10 IOOO •9 9 7 4 4 1 2 . 9 5 3 4 1 4 9 3 3 0 3.967 0 . 9 3 2 7
3 X 5 ° 8 7 0 0 0 8- 6 7 3 4 11 * 7 7 5 8 1 5 2 8 9 0 3 5 0 1 0 . 9 4 5 2
33 0 0 7 3 0 0 0 7 4 8 0 8 1 0 . 3 6 2 7 X 5 6 4 4 0 3 0 2 0 o * ' 9 5 5 9
3 2 5 ° 6 IOOO 6 2. 882 .■ 9 * 1 8 5 1 X 6 0 0 0 0 2 5 9 1 - 0 . 9 6 5 2
3 3 0 0 5 x o o o 5 0 9  56 7 * 3 3 6 5 I 6 3 5 6 0 2 1 3 0 0 . 9 7 2 7
3 3 5 ° 4 2 0 0 0 4 3 3 6 7 6 . 2  4 1 2 I 6 7  X x 0 X7 7 5 0 . 9 7 9 0
3 4 0 0 3 5 0 0 0 3 6 8  62 , 4 * 7 x 0 3 I 7 0 6 7 0 1 4 2 9 0 . 9 8 4 1
3 4 5 ° 2 9 0 0 0 3 2 5 2 5 3 * 6 5 0 5 I 7 4 2 2 0 1 1 7 7 0 . 9 8 8 3
3 5 0 0 ' 2 3 0 0 0 2 7 1 0 4 ' 3 5 5 9 0 7 ■ I 7 7 7 8 0 0 9 1 3 0 . 9 9 x 5
3 5 5 ° -x 8 0 0 0 2 1 6 8 4 1 .  7 6 6 4 I 8 1 3 3 0 0 6 8 9 0 . 9 9 4 0
3 6 0 0 1 3 0 0 0 1 6 2 6 3 1 . 1 7 7 6 X 8 48 9 0 0 4 9 3 0 * 9 9 5 7
2 6 5 ° 1 IOOO 1 0 8 4 2 0 . 8 2 4 3 I 8 8 4 4 0 0 3 6 1 0 . 9 9 7 0
3 7 0 0 0 9 0 0 0 G 8 6 7 3 0 . 5 8  8 8 I 9 2 0 0 0 0 2 8 3 0 • 9 9 8 0
3 7 5 ° 0 7 0 0 0 1 0 6 5 0 5 0 . 4 7 1 0 I 9 5 5 6 0 0 2 1 9 0 . 9 9 8 8
3 8 0 0 0 5 0 0 0 0 4 3 3 7 o * 3 5 3 3 ' X 9 9 1 1 0 0 x 5 5 0 . 9 9 9 4
3 8 5 ° 0 3 0 0 0 0 2 1 6 8 0 * £ 3 5 5 ■ -2 0 2  6 7 0 0 0 9 0 0 . 9 9 9 7
3 9 0 0 0 2 0 0 0 0 1 0 8 4 0 . 1 1 7 8 ■ 2 0 6 2 2 0 0 0 5 1 0 , 9 9 9 9
3 9 5 ° 0 IOOO ' 0 1 0 8 4 0 . 1 1 7 8 : 2 0 9 7 8 0 0 0 3 9 1 * 0 0 0 0
30 0 0 0 OOOO O OOOO 0 . 0 0 0 0 ' 3 X3 3 3 0 OOOO 1.0000
Exp e r ime n t  25 .8
Time
■ •" - ' Corrected photocell
deflection i.e. obscuration, 
.. .. . arbitrary units
Dimen- 
"sion- 
less 
time
Concentration
Norm, Norm. C u m .Trial
ii.
T ial
!b
Trial
c
0 00 O 0000 0 OOOO 0 OOOO 0 OOOO 0 OOOO 0 OOOO
0 5 ° O 0000 0 OOOO ■ 01 OOOO 0 0266 0 OOOO 0 OOOO1 00 O OOOO 0 OOOO 0 OOOO 0 ° 5 3 £ 0 OOOO 0 OOOO
‘ 1 5° O OOOO 0 OOOO “ 0 OOOO 0 0797 0 OOOO 0 OOOO
cxo 00 O 0000 0 OOOO , 0 OOOO 0 1062 0 0000 0 OOOO
2 5o 0 OOOO 0 OOOO 0 0000 0 1328 0 OOOO • 0 OOOO
3 00 0 OOOO 0 OOOO 0 OOOO 0 £5 9 3 0 OOOO 0 OOOO
3 5° 0 OOOO 0 OOOO 0 OOOO • 0 1859 0 OOOO 0 OOOO
4 00 0 OOOO 0 0000 0 OOOO 0 31 25 0 OOOO 0 00O0
4 5° 0 OOOO 0 OOOO 0 4856 . 0 3390 0 0070 0 0002
5 00 ' 0 xooo 0 OOOO X 0520 0 2656 0 0166 0 0006
5 5° 0 6000 0 1268 .1 7804 0 29i2I ‘ 0 0362 0 001 66 00 I IOOO 0 2536 2 9133 0 3187 0 0616 0 00326 5° 2 OOOO 0 6340 4 289 X 0 3 4 5 3 0 XOOO 0 ° ° 5 9
7 00 3 OOOO I 14*3 5 8267 0 3718 0 1440 0 009 7
7 5° 4 3000 2 1 5 5 8 7 5261 0 3984 0 2020 0 OX 518 00 6 OOOO 3 6775 9 4683 0 4249 0 2766 • 0 02248 5 o 8 3 boo 5 4528 11 8 53 3 0 4 5 * 5 0 36 70 0 0322
9 00 1 0 4000 7 6086 £3 27x8 0 4 7 8 o 0 4 5 18 0 0442
9 5° 1 2 8000 10 0180 14 5666 0 5046 . 0 5400 0 0 5 8 5x 0 00 £ 5 IOOO I 2 3005 £'5 6187 0 5 3 * 2 0 621 4 0 07501 0 5° £7 3 000 14 5831 16 7516. 0 55 7 7 0 70 25 0 093711 00 £9 I 000 16 8657 • 17 7227 0 5843 0 77 55 0 £14311 5° 20 6000 £9 021 5 18 5 3 2 0 0 6108 0 8400 0 x 366
1 2 00 2 £ 7000 20 9336 19 £ 7 9 4 0 6374 0 89 27 0 1603X 2 So 22 8000*' 22 8257 19 6650 0 6639 0 9 43 £ 0 £§53
13 00 23 8000 24 7279 20 2314 0 6905 0 9932 0 2117
13 5 ° 24 7000 26 3 7 6 4 20 4 7 4 2 0 7x71 1 0 3 3 5 0 2392
£4 00 2 5 3000 ‘ 27 6 4 4 5 20 7 9 7 9 0 7 4 3 <> x 0652 0 2674
£4 5 ° | 25 8000 28 5322 21 0407 P> 7702 X 0888 . 0 296 4
£5 00 26 xooo 29 4198 21 2835 0 79 6 7 I 1094 0 3258
£5 50 26 4000 30 0539 21 6072 0 8233 X x 276 0 3 5 5 816 00 26 6000 30 3075 2 X 769° 0 8498 I £3^5 0 38601 6 5 ° 26 700.0 ■30 4 3 4 3 ,31 9 3 0 9 0 8764 I 1 421 0 4 i 6 3
£7 00 26 6000 30 0539 2 I 8500 0 9030 X £3 4 ° 0 4464
£7 50 26 5000 29 4198 21 7690 0 9295 X 1222 0 4762
18 00 26 3000 28 15x8 2 X 6881 0 9 5 6 i I 0998 0 5 0 5 418 S.© 26 OOOO 27 264X •21 5263 0 9826 I 0803 0 5 3 4 X
£9 00 25 3000 26 3764 31 20 26 1 009 2 X 0527 0 5621
£9 5o 24 7000 25 4887 20 87 88 1 0358 X 0266 0 5®9320 00 ‘ 2 4 X 000 (24 3 4 7 5 20 47 4 2 1 0623 0 9 9 5 s 0 61 5820 So 23 4000 23 4 5 9 8 ] 20 £ 5 ° 5 i .£ 0889 0 9680 0 641 5
-  3 1 9  -
—
.8 ( C o n t 'd . ) " [
........
Time
de
Ti
Corrected photocell 
>flection i.e. obscuration,
A V»*k4  Vi *v» 11 ■>.*v *1 T  C1
Dimen­
sion­
less
time
Concentration
-ial
ii.
Ui W  CIA J UliJL.1.
Trial
B
Trial
■ c
Norm, I Norm, ! C u m ,
2 1 00 2 2 6000 22 572 X 19.66 50 * • * * 54 0 9 366 0.6663
2 1 So 21 7000 2 1 5576 x 9.4222 1 .1420 0 9 0 5 4 0*6904
2 2 00 20 7000 20 2896 1 9 .ox 76 1.1685 0 8668 0.7x34
2 2 S o 1 9 6000 *9 031.5 x 8 .5320 *♦* 9 5 * 0 8256 o * 7 3 5 3
2 3 00 X 8 50.00 x 7 7 5 3 4 '*7 *9 6 5 5 x .2217 0 7832 0.7561
23 50 17 5000 1 6 73S9 x 7 •5609 1.2482 0 7482 0.7760
24 00 x6 4000 1 5 8512 16.9944 x •2748 0 7 ** 4 * 0.794924 50 * 5 4000 x 4 9 6 3 5 16.3470 *.3013 0 6 7 4 7 0.8128
25 00 *4 2000 * 3 9 4 9 1 15*7605 *.3279 0 6346 0.8297
25 5° 13 X O O O 12 9 3 46 *5 **3 3 * * *3 5 4 4 0 5 9 4 7 0.8455
26 00 12 I  OOO 12 1 7 3 7 14.4048 1.3810 0 5 5 8 7 0.8603
26 50 11 O O O O X I 4129 * 3 * 7 5 7 4 1.4076 0 5225 0.8743
2 7 00 9 9000 10 6520 12.9481 ■ x . 4 3 4 * 0 48 39 0.88 70
27 50 9 O O O O 10 x 448 X2 .2 1 98 x .4607 0 4 5 3 * 0.899128 00 8 4000 9 0035 x **6533 1.4872 0 4 * 9 7 0.910228 50 7 8000 • 7 9890 I I . 1678 * * 5 X3 8 0 3 89 4 0.9206
29 00 ■ 7 oooo 7 X OX 3 x0 . 8 4 4 i * x.5404 0 3603 0*9301
29 5 o 6 5000 6 0869 *0.3585 1•5669 0 3 3 * 4 0.9389
30 00 6 oooo 5 1992 9.7*** .*• 593 5 0 3020 0 .9469
30 50 5 2000 4 6920 8.9828 1 •6200 0 2726 0.9542
3 * 00 4 6000 3 9 3 ** ,8.4972 ■ 1.6 466 0 2460 0.9607
3 * 5 o 3 9000 3 4 2 3 9 7.7689 *.6 731 0 21 80 0 .9665
32 00 3 2000 2 9166 7 *2024 i + 9  97 0 1924 0.97x6
32 50 2 8000 2 5362 6.3122 1.7263 0 *683 0.9761
33 00 2 5000 2 2826 5.66 48 1.7528 0 *509 0.9801
33 So 2 2000 2 0290 4*6937 * * 7 7 9 4 0 x 289 0.9835
34 00 2 0.00 0 • 1 77 53 3*9654 1.8059 0 1118 0 .9865
34 .5° X 8000 X 5217 3*2370 1.8325 0 0947 0 .9890
35 00 1 7000 1 3 9 4 9 2.4278 1^.8590 0 0798 0 . 9 9 1 r
35 50 X 4000 X 2681 1.8613 x .8856 0 0654 0.9929
36 00 1 2000 . .1 141 3 1 * 4 5 6 7 x .9,1 22 - 0 ° 5 4 9 ; 0.9943
3 6 '5°. -■. ■ I O O O O I 0145 1.0520 1.9387 0 0443 o* 9 9 5 S
37 00 0 9000 0 88 77 0.8093 * *9653 0 0375 0.9965
37 50 0 8000 0 7609 ' 0 . 6 4 7 4 " 1.9918 0 0319 0.9973
3 8 00 0 7000 0 6340 o . 4856 2.0x84 0 O263 0.9980
3 s 5 o 0 6000 0 5072 0•4046 2.04 49 0 021 8 0.9986
39 00 0 5000 0 3804 0.3237 2.0715 0 0174 0 *9 9 9 *
39 S o 0 4000 0 2536 0*2428 2. 098.1 0 or 29 0.9994
40 00 0 3000 0 3536 0.16x9 2 . 1246 0 0103 0.9997
40 S o 0 2000 0 1268 !o . 1 6 19 2 . X 512 0 0 0 7 1 0.9999
41 00 0 X O O O f 0 126 8 * 0*0809 J 2.1777 0 0044 1*0000
41 50 0 oooo 0 oooo 0.0000 !„ „  2 « 2Q43 0 oooo 1.0000
r
-  3 2 0
Experiment 2 5 • 9
i i m *i rH* mi ~n i m H
Time
de
Ti
Corrected photocell 
‘flection i.e. obscurat
rt Vi'K-i +-V>rtY’S>' lull ’K.C!
i o n ,'
ial
C
Dimen­
sion­
less
time
Concentr at ion
’ial
ii
/-U ZJ. WJ. J
Trial
E
Tr Norm,
Norm.
Cum,
0 00 0 OOOO 0 OOOO 0 OOOO 0 OOOO 0 OOOO 0 OOOO
i 00 0 00.0 0 0 OOOO 0 OOOO 0 0401 0 0000 0 OOOO
2 00 0 OOOO 0 OOOO 0 OOOO 0 0802 0 OOOO 0 OOOO
3 00 0 OOOO 0 OOOO 0 OOOO 0 1202 0 OOOO 0 OOOO
4 00 0 OOOO 0 OOOO • 0 OOOO 0 X603 0 OOOO 0 OOOO
5 00 . 0 OOOO 0 OOOO 0 OOOO 0 2004 0 OOOO 0 OOOO
6 00 0 OOOO 0 OOOO 0 OOOO 0 2405 0 OOOO 0 OOOO
7 00 0 2000 0 OOOO 0 OOOO 0 2806 0 0034 0 OOOX
8 00 1 3000 0 XI45 0 1676 0 3206 0 0272 0 OO I 2
9 00 2 8000 0 3 4 3 5 0 5 037 0 3 6 0 7 0 0627 0 0037
I 0 00 4 5000 I 3 7 4 1 I 5080 0 4008 0 1269 0 0088
I X 00 6 8000 2 4046 3 3 5 1 1 0 4409 0 £1 5 8 0 0175X 2 00 8 7000 3 6642 6 0320 . 0 481 O 0 3x62 0 0301
13 00 11 OOOO 5 7 £53 9 21 55 o' 5210 0 4458 0 048014 00 X3 2000 8 3589 1 is 23x5 0 56 IX 0 5808 0 0713
1 5 00 15 1000 • 1 r 6796 1 5 £ 4 7 5 0 601 2 0 7 2 2 3 0 100216 00 *7 OOOO 14 8857 . *7 0907 0 8413 0 8417 0 X340
17 00 x 8 3000 17 7483 x 8 9 3 3 8 , 0 6814 0 9450 0 17x91 8 00 x9 7000 20 6110 21 4471 0 7214 1 0614 0 £ 1 44
19 00 20 8000 22 9011 £3 4 5 7 8 0 7615 x 1542 0 26 07
20 00 21 5000 24 73 3 2 25 8 o 3 5 0 80x6 1 2381 0 3x0321 00 22 OOOO 26 1072 27 6 466 0 8417 1 3020 0 3625
22 00 22 4000 26 5 6 53 28 4844 0 8818 X 3 3 x 1 0 4158
£3 00 22 5000 27 1378 28 6520 0 92x8 1 34 56 0 489724 °o 22 0000 - 26 6798 • 28 1493 0 9819 ■ X 3 £05; 0 5327
£5 00 ■ ' 21 1000 £5 4202 . 26 4738 1 0020 X £ 5 4 5 0 572926 00 20 3000 £3 9316 t . 2  4 4831«. 0.421 - I 1806 0 62 0327 00 19 OOOO 22 672 x 21 9498 1 08 22 X 0 9 3 5 0 664128 00 18 OOOO 2 X 5270 x9 9391 X 1222 X 0220 ° 7051
I!
I
('
i
I -
-  5 2 1  -
r r r ^ r - ; ,*rV 7 •* b-Krljrt't+'v” »'*';■ '•'Pu.:ttrI'^ v+ s\.! u '37'.~~00rv -• e^ d- -•• .TL31X ua•■>- [’•?vv;. ,-; jrewsrssrtrrs-rrrW
E x p e r i m e n t  2 + q  ( C o n t ' d . )
T i m e
C o r r e c t e d  p h o t o c e l l  
d e f l e c t i o n  i * e .  o b s c u r a t i o n ,  
a r b i t r a r y  u n i t s
D i m e n ­
s i o n -
l e s s
t i m e
C o n e  e n t r a t i o n
N o r m ,
N o r m .  
C u m  ♦T r i a l
i
'-pv*J. J. i a l
jJ
T r i a l
i c
2 9 0 0 I 7 . 0 0 0 0 2 0 1 5 3 ° x 7 . 9 2 8 4 1 . 1 6 2 3 0 9 4 6 7 0 . 7 4 3 0
3 o 0 0  * I  5 . 8 0 0 0 1 8 3 2 0 9 1 5 . 9 1 7 8 1 . 2 0 2 4 0 8 6 0 0 0 . 7 7 7 5
3 1 0 0 1 4 . 7 0 0 0 l 6 6 0 3 3 1 3 . 4 0 4 4 X . 2 4 2 5 0 7 6 8 4 0 . 8 0 8 3
3 2 0 0 1 3 . 3 0 0 0 1 4 5 4 2 2 X I . 2 2 6 2 1 . 2 8 2 6 0 6 7 1 5 0 . 8 3 5 2
3 3 0 0 1 2 . 0 0 0 0 I  2 7 1 0  X ‘ 9 . 7 x 8 2 X * 3 2 2 6 0 5 9 1 7 0 * 8  5 8 9
3 4 0 0 x 0 . 5 0 0 0 I  I 2 2 1 5 8 . 3 7 7 8 x . 3 6  2 7 0 5 1 7 3 0 . 8 7 9 6
3 5 0 0 9 . 5 0 0 0 I  O 0 7 6 5 ' 7 * 0 3 7 3 I • 4 0 2 8 0 4 5 7 4 0 . 8 9 8 0
3 6 0 0 8 • 4 0 0 0 8 5 8 7 9 5 . 8 6 4 4 I . 4 4 2 9 0 3 9 2 8 0 . 9 1 3 7
3 7 0 0 7 . 9 0 0 0 7 ° 9 9 3 5 . 0 2 6 7 X • 4 8 3 0 0 3 4 4 2 0 . 9 2 7 5
3 8 0 0 7 . 3 0 0 0 5 7 2 5 3 • 4 * 3  5 - 6 4 x . 5 2 3 0 • 0 2 9 8  7 0 * 9 3 9 5
3 9 0 0 6 . 5 0 0 0 4 5 8 0 2 3 * 8 5 3 8 I . 5 6 3 1 0 2 5 6 7 0  . 9  4 9 8
4 0 0 0 5 * 5 ° ° ° 3 7 7 8 7 3 • 3  5 1 1 I . 6 0 3  2 0 2 1  7 1 0 . 9 5 8 5
4 1 0 0 4 . 9 0 0 0 3 3 2 0 7 3 . 0 1 6 0 1 • 6 4 3  3 0 £ 9 3  £ 0 . 9 6 6 2
4 2 0 0 4 . 3 0 0 0 2 8 6 2 6 2 . 6 8 0 9 x . 6 8 3 4 0 1 6 9 2 0 . 9 7 3 0
4 3 0 0 3  0  7 0 0 0 2 2 9 0 1 2 . 3 4 5 8 1 . 7 2 3 4 • 0 £ 4 3 3 0 . 9 7 8 7
4 4 0 0 3 • 2 0 0 0 1 7  x 7 6 2 . 0 1 0 7 1 . 7 6 3 5 0 X 1 9  I ° - 9 8 3 5
4 5 0 0 2 * 6 0 0 0 1 1 4 5 1 I . 6 7 5 6 1 . 8 0 3 6 0 0 9 3 2 O . 9 8 7 2
4 6 0 0 2 • 0 0 0 0 0 9 x 6 0 • >1 . 1 7 2 9 £ . 8 4 3 7 0 0 7 0 3 O . 9 9 OO
4 7 0 0 1 • 7 0 0 0 0 8 0 1 5 I . 0 0 5 3 1 . 8 8 3 8 0 0 6  0 3 O . 9 9 2 5
4 8 0 0 x • 4 0 0 0 0 6 8  7 0 0 . 8 3 7 . 8 1 . 9 2 3 8 0 0 5 0 3 O . 9 9 4 5
4 9 0 0 1 • 1 0 0 0 0 5 7 2 5 0 . 6 7 0 2 £ * 9 6 3 9 0 0 4 0 3 O . 9 9 6 X
5 o 0 0 0  . 8 0 0 0 0 4 5 8 o 0 . 5 0 2 7  ■ 2 . 0 0 4 0 0 0 3 0 3 0 . 9 9 7 3
5 i 0 0 0 . 6 0 0 0 0 3 4 3 5 0 . 3 3 5 * 2 . 0 4 4  x 0 0 2 2 0 0 * 9 9 8 2
5 2 0 0 0 . 4 0 0 0 0 3  4 3*5 o *  3 3  5 1 2 . 0 8 4 2 0 O I 8 5 O . 9 9 8 9
5 3 0 0 0 . 3 0 0 0 0 2 2 9 0  - 0 • 1 6 7 6 2  •  1 2 4 2 0 0 X 2 0 O . 9 9 9 4
5 4 0 0 0 . 2 0 0 0 0 1 1  4 5 '0 * 1 6 7 6 2 . 1 6 4 3 0 0 0 8 3 O . 9 9 9 7
5 5 0 0 0 * 1 0 0 0 0 1 x 4 5 0 . 1 6 7 6 2 . 2 0 4 4 0 0 0  6 6 X• OOOO
58 0 0 o .O O O O * 0 OOOO 0 . 0 0 0 0 2 . 2 4 4 5 0 OOOO X . 0 0 0 0 ’* )*■
TABLE 28
T r a y  o n l y .
W e i r  h e i g h t  4 - " ,
F A "" ■P a c ^ o r  0 . 8 5 *
SUMMARY OF RESULTS FOB EEPERIMEHT MO. 26
E x p t .  H o • 2 6 ! 2 6 . 2 2 6 . 3 2 6 . 4 - 2 6 . 3 2  6 . 6 2 6 . 7 2 6 . 8 2 6 . 9
I.
L  g a l , / m i n . 4 - 7 * 3 4 - 2 . 0 3 7 . 0 3 2 . 3 2 7 . 0 2 2 . 0 1 7 . 0 1 2 . 0 7 . 0
M . R . T .  ( s e c s . ) : 7 . 3 2 8 . 2 3 8 . 6 3 8 . 9 7 1 0 ! 1 1 . 7 1 3 . 9 1 7 . 9 2 6 . 3
O' /  ( s e c .  ) 2 8 0 8 0  8 . ? 4 - 7 . 1 1 1 3 . 4 - 1 1 . 3 1 0 . 7 1 3 . 7 3 6 . 2 94**4-
0  2  ( s e c . ) 2 * 0 9 4 - ■ 0 9 7 • 1 0 1 . 1 0 4 - ! 0 8 . 1 0 8 . 1 1 3 • 1 1 2 . 1 1 3
V'  ( f t . 3 ) . 9 3 1 . 8 9 4 - 0 8 3 0 . 7 9 0 . 7 3 1 . 6 9 4 - . 6 2 9 . 3 7 8 « 4 - 9 6
U f t  , / s e c . • 2 6 6 - 2 3 3 . 2 4 - 0 ' . 2 2 3 . 1 9 8 ! 7 0 . 1 4 4 . 1 1 2 . 0 7 6
D f t ^ / s e c ,  x  1 0 : . 2 3 0 . 2 4 - 7 . 2 4 - 2 . 2 3 3 . 2 1 3 . 1 8 3 . 1 6 3 . 1 2 6 . 0 8 3
-  323 -
E x p e r i m e n t  2 6 » 1 #
Time
Corrected photocell 
deflection i.e. obscuration, 
arbitrary units
Dimen­
sion­
less
time
Concentration^
Norm, Norm. ! Cum.Trial
A
Trial
ii
Trial
C
o o o O 0000 O O O O O 0 O O O O 0 O O O O 0 O O O O 0 O O O O
o 5 o o 1000 O 086 4 0 0967 0 0555 • 0 0044 0 0002
! i oo o 3000 O 6910 0 2902 0 11 09 • 0 O 3 0 X 0 OOI4
i 5 ° o 7000 I 9865 1 4 5 £ 2 0 166 4 0 0648 0 OO49
a oo 2 4000 3 8866 3 2895 0 221 8 0 £ 4 9 9 0 0 1 3 3
3 50 5 2000 6 2186 5 7082 0 2773 0 2681 0 0281
3 oo 9 0000 8 809 7 8 5 £ 4 0 0 3327 0 4x21 0 0510
3 5 o £3 0000 X 1 9190 11 9970 0 3883 0 5779 ro 0830
4 oo 16 8000 15 54 66 £5 8670 0 4438 . 0 7 5 4 7 0 I249
4 50 20 7000 18 8286 £9 3 5 oo 0 4 9 9 1 1 0 92x7 0 I760
5 oo 24 2000 31 6788 22 3 4 9 2 0 5 5 4 5 1 0680 .1 0 2 3 5 2
5 50 27 0000 23 7 5 1 7 24 7680 0 61 00 1 1822 0 3008
6 oo 38 7000 25 0472 36 2x92 0 88 54 1 1 3518 0 3 7 0 26 50 39 2000 25 2200 26 7 9 9 7 0 7 209 1 2714 0 4 4 0 7
7 oo 28 6000 24 9609 26 5094 0 7763 1 2 5 3 4 0 5102
7 5 o 27 O O O O 3 4 0972 25 6387 0 8318 X 2 0 1 3 0 5 7 6 88 oo 24 5000 22 8016 24 1875 0 8872 X 1X91 0 6389
8 5 o 31 5000 20 7287 21 9622 0 9427 1 OO48 0 6946
9 oo l8 7000 l8 4831 £9 5 4 3 5 0 99 8 2 0 8880 0 7 4 3 8
9 50 ; x6 OOOO X6 2 3 7 5 £7 3215 X 0536 0 7 7 4 2 0 7868
x o oo £3 7000 £4 l6 46 * 4 8995 2 1 0 9 1 0 6694 0 8239
10 50 X X 5000 X 3 5 2 36 1 2 6743 1 184s 0 5 7 4 5 0 8 55711 00 9 5000 X X 0 5 5 3 XO 8360 X 2200 0 4 9 £ 4 0 8830I x 5 ° , 7 9000 9 5870 9 3 8 47 X 2754 0 4206 0 9063X 2 00 ! 6 3000 8 29 * 5 7 8367 X 3309 0 3 5 ££ 0 9258I 2 50 ! 5 O O O O 7 X687 6 4822 . X 3863 0 2920 0 9420
£3 OO 1 4 O O O O 6 2186 5 03x0 I 44x8 0 2387 0 9 5 5 2
£3 5o 3 O O O O 5 3 5 4 9 , 3 9667 X 4972 0 1929 • 0 9 6 59
14 00 2 5000 4 5 7 7 6 3 0960 X 5527 0 £ 5 9 3 0 9 7 4 7
£4 So 2 O O O O 3 8003 2 5 £ 5 5 X 6 0 8 1 0 1 302 0 9820
£5 oo X 6000 3 1093 X 9 3 5 0 X 6636 0 1040 0 9877
£5 50 X 2000 2 5 0 4 7 X 4 5 X2 I 7190 0 0807 0 993s
16 oo 0 9000 i i 900X 0 9675 I 7 7 4 5 0 0590 0 9 9 5 5x6 5o 0 60 0 0  V X 2 9 5 5 0 580s X 8300 0 0388 0 9976
£7 00 0 4000 0 8637 0 2902 X 8854 0 0243 0 99 9 0
£7 50 0 2000 0 4 3 iS 0 £ 9 3 5 X 9409 0 ox 29 0 9 9 9 7x8 oo 0 I O O O 0 1727 0 0967 I 9983 0 0058 1 0000
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£ 7 5 0 5 4 0 0 0 5 8 7 3 7 4 * 9 3 9 4 1 4 9 3 4  ■ 0 3 1 5 4 ° * 9 5 3 5
i  8 o o 4 2 0 0 0 4 8 5 7 1 4 * 0 9 6 1 1 5 3 5 1 0 2 5 5 8 ' 0 . 9 6 4 4
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6 0 0 4 OOOO 3 5 4 4 1 0 3 3 9 0 0 3 3 5 3 0 . 0 9 0 5 ! 0 . 0 0 5 6
6 S o 5 7 0 0 0 5 1 1 9 2 1 0 1  7 i 0 3 8 3 3 0 * 1 3 5 9 V  0 . 0 0 9 4
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8 5 o £ 5 6 0 0 0 £ 3 9 7 9 4 6 1 0 2 3 • 0 4 7 5 0 0 . 4 0 9 6 0 . 0 4 2 7
9 0 0 1  8 I OOO 1 6 5 3 9 ° 8 4 7 5 4 0 5 0 3 0 0 . 4 9 4 9 0 . 0 5 6 5
9 5 0 2 0 6 0 0 0 1 8 8 <>33 1 1 6 3 9 6 0 5 3 0 9 • 0 . 5 8 5 9 0 . 0 7 2  9
1  0 0 0 2 3 7 0 0 0 3  I 0 6 7 5 £ 4 4 6 4 7 , 0 5 5 8 8 0 * 6 6 8  5 0 . 0 9 1 6
1 0 5 0 - 2 4 2 0 0 0 2 3 £ 3 4 9 £ 7 5 1 5 9 0 s 3 6 8 0 . 7 4 4 4 0 . I 1 2  4
1 1 0 0 2 5 5 0 0 0 2 5 0 0 5 4 2 0 4 5 4 0 0 6 1 4 7 0 . 8 1 4 6 0 . 1 3 5 1
1 1 5 0 2 6 7 0 0 0 2 6 3 8 3 6 2 3 2 7 9 2 0 6 4 2 7 0.« 8 7 6 6 o . 1 5 9 6
1 2 0 0 2 7 7 0 0 0 2 8 0 5 7 2 2 6 1 0 4 3 0 6 7 0 6 0 . 9 3 9 7 0 . 1 8 5 9
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3 4 0 0 . 2 I O O O 1 0 8 2 9 ■- 2 0 3 4 1 1 * 9 0 0 1 0 0 5 9 9 0 9 9 5 2
3 4 5 ° X 8 0 0 0 0 7 8 7 6 x 6 9 5 I x • 9 2 8 0 0 0 4 9 2 0 9 9 6 5
3 5 0 0 X 5 0 0 0 0 5 9 ° 7 X 3 5 6  2 1  * 9 5 6 0 0 0 3 9 6 0 9 9 7 6
3 5 5 0 X 2 0 0 0 0 4 9 3 3 I 0 1 7 1 1 . 9 8 3 9 0 0 3 1 1 0 9 9 8 5
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